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(I)  INTRODUCTION 

This  final  report  describes  the  results  of  our  research  on  stimulated  processes 
and  phase  conjugation  in  photorefractive  crystals.  The  research  supported  by  this  3- 
year  AFOSR  contract  resulted  in  the  publication  of  11  papers  (in  addition  to 
conference  proceedings).  Some  highlights  are;  We  demonstrated  a  new  technique 
for  seeing  an  object  buried  in  or  behind  a  scattering  medium  using  time-resolved 
holography.  We  demonstrated  an  all-optical  switchboard  using  stimulated,  mutually- 
pumped  phase  conjugation  in  a  photorefractive  crystal.  We  explored  the  use  of  optical 
novelty  filters  to  detect  small  changes  in  an  optical  scene.  We  invented  an  electric 
field  correlator  to  measure  the  coherence  length  of  picosecond  laser  pulses,  using 
two-wave  mixing  in  a  photorefractive  crystal.  We  derived  a  theory  of  beam  coupling 
and  pulse  shaping  of  picosecond  light  pulses  in  photorefractive  crystals.  We 
developed  a  new,  multiple  level  model  to  explain  the  nonlinear  photoconductivity  of 
BaTiOs  crystals.  We  investigated  the  role  of  absorption  gratings  in  beam  coupling  in 
BaTiOa  and  showed  how  these  gratings  can  conveniently  be  used  to  determine  the 
density  of  charge  in  these  crystals.  We  showed  that  stimulated  processes  explain  the 
curved  beam  paths  observed  in  mutually-pumped  and  self-pumped  phase 
conjugators. 


Acce:ion  For  j  j 

MIS 

tj 

DTiJ 

AO  ri 

U  .d.'i  :o 

'i-ci.-j  U 

Jils'.lf'Ctl 

By 

Di-t 

0^'  f 

n;  ,  ''  ' 

■'w.K!  ..  'd.'Oi 

Dl  . 
j 

! 

1 

L 


3 


(2)  RESEARCH  OBJECTIVES 

The  original  project  goals  included: 

1 )  Study  of  real-time  holographic  interconnections. 

2)  Study  of  nonlinear  optical  devices  for  position  sensing  with  sensitivity  in  the 
sub-Angstom  range. 

3)  Study  of  iight-pulse  transformation  techniques. 

4)  Study  of  the  photorefractive,  piezoelectric,  and  ferroelectric  properties  of 
important  nonlinear  optical  crystals. 

5)  Modeling  and  experimental  observations  of  the  dynamics  of  stimulated 
processes  responsible  for  nonlinear  optical  phase  conjugation  phenomena  in  crystals. 

All  of  these  goals  have  been  met. 

In  addition  to  the  above  projects,  we  were  also  able  to: 

6)  Demonstrate  a  new  technique  for  seeing  through  a  scattering  medium  using 
temporal  holography. 

7)  Complete  a  review  article  on  photorefractive  materials  and  phase-conjugate 
optics  for  the  journal  Scientific  American. 


We  describe  our  results  in  more  detail  in  the  following  section,  and  we  also  include 
reprints  of  the  publications  that  resulted  from  this  research  contract. 
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(Hi)  RESULTS 

1 )  Real-time  optical  interconnections. 

We  developed  and  demonstrated  an  optical  switchboard  for  interconnecting  an 
array  of  optical  channels.  The  switchboard  will  connect  any  one  of  N  input  channels  to 
any  subset  of  M  output  channels.  The  device  uses  a  photorefractive  crystal  of  BaTiOs 
as  a  mutually-pumped  phase  conjugator  in  a  "bird-wing"  geometry,  as  shown  in  Fig.  1. 
The  conjugator  connects  two  beams  incident  from  opposite  sides  of  the  crystal.  The 
two  incident  beams  need  not  be  coherent  with  each  other,  or  even  be  present  in  the 
crystal  at  the  same  instant.  The  device  works  fine  as  a  1  to  M  or  as  an  N  to  1  coupler, 
so  one  can  broadcast  a  single  channel  into  many  output  ports,  or  feed  many  channels 
into  a  single  output  port.  However,  the  device  has  the  following  drawback  when  used 
as  a  full  N  to  M  coupler:  it  broadcasts  everyone’s  signal  to  everyone  else. 
Consequently,  the  different  signal  would  have  to  be  encoded,  probably  in  the  time 
domain,  to  make  a  true  N  by  M  crossbar  without  crosstalk. 

Our  first-generation  device  used  a  1-mm  diameter  bundle  of  single  mode  fibers. 
Light  was  sent  into  any  one  of  the  fibers  in  bundle  A,  and  light  was  also 


Figure  1 :  Schematic  of  interconnection  device  using  a  BaTiOs  crystal  as 
a  mutually-pumped  phase  conjugator  to  connect  elements  of  channels  A 
and  B. 
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sent  into  any  one  of  the  fibers  in  the  other  bundle  B.  The  two  light  beams  were  not 
coherent  with  each  other,  although  they  were  at  the  same  nominal  wavelength  of 
514.5  nm.  The  BaTiOa  crystal  connected  the  two  beams  using  a  stimulated  hologram 
that  grew  from  noise  inside  the  crystal.  A  typical  interconnection  throughput  was  a  few 
percent,  but  could  be  as  as  high  as  50%. 

Our  second-generation  device  used  a  tapered,  multimode  fiber  to  scramble  the 
beams  and  thereby  make  the  spatial  profiles  of  the  two  bundles  more  uniform. 
Because  the  multimode  fiber  also  scrambled  the  polarization  of  the  light  beams,  we 
needed  to  construct  a  mutually-pumped  phase  conjugator  that  would  work  equally 
well  for  light  of  any  polarization.  This  device  is  shown  in  Fig.  2.  The  specially 
fabricated  tapered  fiber  mixed  the  signals  from  all  of  the  A  channels  just  before  they 
entered  the  crystal,  thereby  ensuring  a  uniform  spatial  overlap  between  all  of  the 
various  channels  in  the  two  fibers.  Upon  readout,  the  phase  conjugator  unscrambled 
the  beams  and  directed  each  beam  into  its  proper  output  channel.  With  this 


Figure  2.  Optical  set-up  to  demonstrate  interconnection  of  different 
channels  using  a  polarization-preserving  mutually-pumped  phase 
conjugator.  Different  channels  are  selected  by  moving  the  xyz  stages  to 
select  different  fibers,  whose  optical  signals  are  mixed  in  the  tapered 
regions  of  the  bundles. 
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arrangement,  the  transmission  of  any  channel  to  any  other  channel  had  the  same 
uniform  thoughput  (about  12%),  regardless  of  which  channel  was  chosen. 

These  results  have  been  submitted  for  publication.'' 


Ai  A2 


with  all  of  the  other  A  channels.  In  the  drawing  above,  only  one  channel 
Ai  is  input,  but  it  has  mixed  with  the  other  three  channels  just  before 
entering  the  crystal.  The  crystal,  acting  as  a  mutually-pumped  phase 
conjugator,  keeps  track  of  the  relative  phases  of  all  (four)  A  channels, 
and  directs  light  from  the  B  channel  into  only  channel  Av 


2)  Studies  of  nonlinear  optical  devices  for  position  sensing  with  sensitivity  in  the 
sub-Angstom  range. 

In  this  work  we  concentrated  on  novelty  filters,  which  show  what  is  new,  or 
novel,  in  an  input  image  compared  with  the  input’s  recent  history.  Novelty  filters  are  an 
essential  ingredient  to  the  front-end  visual  system  of  many  animals.  Frogs,  for 
example,  use  novelty  filtering  to  detect  flying  insects,  while  humans  use  novelty 
detection  to  rid  our  visual  field  of  the  image  of  the  cells  located  in  front  of  the  retina. 
Airport  controllers  use  digital  novelty  filters  to  rid  their  radar  displays  of  everything  that 
is  not  moving. 
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At  present  most  novelty  filtering  uses  digital  electronics:  the  current  scene  from 
a  video  camera  is  subtracted  (in  a  serial  fashion)  from  a  scene  stored  in  memory,  (and 
at  the  same  the  current  scene  is  also  serially  stored  into  memory).  The  difference 
between  the  live  scene  and  the  stored  scene  is  serially  computed  and  fed  into  a  video 
memory  for  display. 

In  contrast  to  a  digital  novelty  filter,  the  optical  novelty  filters  we  studied  use  a 
real-time  holographic  medium  for  the  memory.  The  hologram  inherently  records  the 
time-exponential  average  of  the  input  scene.  At  the  same  time,  interference  subtracts 
the  stored  scene  from  the  live  scene  essentially  instantaneously,  with  the  entire  scene 
processed  in  parallel  These  optical  novelty  filters  are  simple  and  work  remarkably 
well.  An  important  measure  of  their  performance  is  the  output  contrast  when  the  input 
changes  completely,  say,  from  light  to  dark.  Demonstrations  have  so  far  yielded  peak 
contrasts  of  approximately  30:1. 

We  have  investigated  the  use  of  photorefractive  crystals  in  various  geometries 
to  make  optical  novelty  filters.  (Some  of  these  devices  were  invented  previously  by  the 
P.  I.).  We  analyzed  their  filter  characteristics  using  Laplace  transform  techniques,  and 
compared  the  relative  advantages  and  disadvantages  of  the  various  geometries. 

This  review  paper  has  been  published  in  the  IEEE  Journal  of  Quantum 
Electronics. 2 


3)  Studies  of  light-pulse  transformation  techniques. 

(a)  Measuring  the  coherence  length  of  mode-locked  laser  pulses  in  real  time. 

At  the  end  of  our  previous  AFOSR  contract  we  had  just  invented  a  new  device  to 
measure  the  field  autocorrelation  of  a  picosecond  laser  pulse.  In  this  present  contract 
we  pursued  the  applications  of  this  device,  and  also  analyzed  the  theory  of  the  device 
in  detail 

Our  new  device  differs  from  a  conventional  second-harmonic  generation 
correlator,  in  that  it  measures  the  coherence  length  of  the  pulse's  optical  electrical 
field,  as  opposed  to  the  duration  of  the  pulse's  intensity  envelope.  For  example,  the 
pulses  from  our  sync-pumped  dye  laser  have  a  duration  of  ~4  picoseconds,  but  a 
coherence  length  of  only  ~1  psec.  The  field  autocorrelator  works  by  splitting  an 
incident  pulsed  laser  beam  into  two  beams.  The  reference  beam  travels  to  a  BaTiOa 
crystal.  The  probe  beam  hits  a  diffraction  grating  at  grazing  incidence,  and  the  beam 
diffracted  approximately  normal  to  the  grating  surface  is  collected  by  a  lens  to 
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intersect  the  reference  beam  inside  the  crystal,  as  shown  in  Fig,  4.  Different  portions 
of  the  probe  beam  now  have  suffered  different  temporal  delays.  The  probe  beam 
from  the  grating  will  experience  photorefractive  coupling  gain  with  the  reference 
beam  only  if  it  is  temporally  coherent  with  the  reference  beam  in  the  crystal. 

Observing  the  profile  of  the  probe  beam  with  a  one-dimensional  detector  array  then 
gives  a  real-time  measure  of  the  electric  field  autocorrelation  of  the  incident  laser 
beam.  This  field  autocorrelator  was  used  to  measure  the  coherence  length  of  pulses 
from  a  mode-locked  Nd:Yag  laser,  as  shown  in  Fig.  5.  This  device  is  described  in 
Applied  Physics  Letters.^ 


Delay  Line  for 


Fig.  4.  Optical  field  correlator  using  two-wave  mixing  in  a  BaTiOa  crystal. 
The  diffraction  grating  encodes  different  delays  onto  different  portions  of 
the  probe  beam. 

(b)  Theory  of  beam  coupling  and  pulse  shaping  of  mode-locked  laser  pulses  in  a 
photorefractive  crystal. 
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We  produced  an  analytic  theory  of  how  laser  pulses  couple  and  alter  their 
shapes  when  traversing  photorefractive  crystals.  We  find  that  the  time-average 
intensity  gain  (or  loss)  of  each  beam  is  proportional  to  the  magnitude  squared  of  the 
electric-field  correlation  of  the  interfering  beams  at  the  entrance  face  of  the  crystal. 
We  use  this  theory  to  analyze,  in  detail,  the  operation  of  the  laser-beam  coherence 
analyzer  described  above.  Figure  5  compares  the  measured  output  from  our  field 
autocorrelator  compared  to  that  predicted  by  our  theory;  the  fit  is  so  precise  that  it  is 
almost  indistinguishable  from  the  data! 
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Fig.  5.  Comparison  of  our  theory  (solid  line)  and  our  experimental  data 
(crosses)  for  the  field  autocorrelation  of  a  picosecond  laser  pulse. 

We  also  showed  that  one  can  alter  the  temporal  shapes  of  trains  of  picosecond 
pulses  by  mixing  them  with  other  pulses  in  a  photorefractive  crystal.  The  basic 
principle  is  shown  in  Fig.  6,  where  two  temporally  square-shaped  pulses  intersect  in  a 
BaTiOa  crystal.  The  crystal  transfers  energy  from  one  of  the  pulses  to  the  other 
(depending  on  the  direction  of  the  crystal’s  c  axis).  The  transmitted  pulses  will  have 
spikes  or  notches  added  to  their  shapes. 
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Fig.  6.  Schematic  showing  pulse  shaping  by  two-wave  mixing  in  a 
BaTiOa  crystal.  Energy  is  transferred  from  one  pulse  to  the  other, 
depending  on  the  direction  of  the  crystal’s  c-axis. 


Fig.  7.  Pulse  shaping  using  Gaussian  pulses  with  the  same  spectral 
width.  The  peaks  of  both  beams  reach  the  entrance  face  of  the  crystal  at 
the  same  time,  but  the  duration  of  one  beam  is  10  times  greater  than  that 
of  the  other.  The  dotted  curve  is  the  beam  shape  before  the  crystal,  the 
solid  line  is  after  the  crystal.  In  (a)  the  crystal  is  oriented  to  transfer 
energy  out  of  the  detected  beam.  In  (b)  the  crystal  has  been  oriented  to 
transfer  energy  into  the  detected  beam. 


Our  detailed  theory  predicts  the  temporal  shapes  of  the  output  pulses  for  a 
variety  of  initial  pulse  durations  and  temporal  offsets.  For  example.  Fig.  7  shows  the 
pulse  shaping  that  results  from  two  initially  Gaussian  beams  with  the  same  spectral 


width  but  with  very  different  durations  (so  that  the  longer  pulse  is  not  transform  limited). 
A  sharp  temporal  spike  can  be  either  carved  out  of  (see  Fig.  7a)  or  grafted  onto  (see 
Fig.  7b)  the  incident  beam,  depending  on  the  orientation  of  the  crystal.  Such  beam 
shaping  may  prove  useful  for  soliton  generation  in  optical  fibers. 

This  work  has  been  published  in  the  Journal  of  the  Optical  Society  of  America.^ 

4)  Studies  of  the  photorefr active,  piezoelectric,  and  ferroelectric  properties 

OF  IMPORTANT  NONLINEAR  OPTICAL  CRYSTALS.  THIS  SUBJECT  FORMED  IT.  HEART  OF  THIS 
RESEARCH  CONTRACT,  AND  RESULTED  IN  FOUR  PUBLICATIONS: 

(a)  Multiple  trapping  levels  in  photorefractive  crystals: 

We  show  that  much  of  the  complicated  behavior  of  photorefractive  crystals  can 
be  explained  by  the  presence  of  more  than  one  level  of  trapping  centers  in  the  c’7stal. 
We  show  that  multiple  levels  causes  the  speed  of  the  photorefractive  effect  to  scale 
less-than-linearly  with  the  light  intensity,  thereby  solving  the  decade-old  mystery  of  the 
nonlinear  photoconductivity  of  BaTiOa.  We  also  explain  why  seemingly  idem, cal 
BaTiOa  crystals  can  have  such  markedly  different  photorefractive  behavior.  W'e  show 
that  BaTiOa  crystals  can  be  divided  into  two  classes  (which  we  call  type  A  and  type  B; 
which  determines  their  degree  of  optical  linearity,  their  dark-storage  time,  and  the 
dependence  of  their  photorefractive  coupling  strength  on  optical  intensity.  We  also 
explain  why  these  properties  are  correlated. 

This  work  was  published  in  Physical  Review  Letters,^  and  a  longer,  more 
detailed  article  published  in  the  Journal  of  the  Optical  Society  of  America.^ 


(b)  Absorption  gratings 

A  photorefractive  crystal  having  multiple  trapping  levels  will  have  additional 
beam-coupling  terms  that  are  independent  of  the  elemrooptic  effect,  including  a  term 
caused  by  the  rearrangement  of  charges  among  the  different  trapping  sites  at  the 
same  spatial  location.  These  "absorption  gratings"  prove  to  be  useful  for  accurately 
determining  the  effective  number  density  of  trapping  sites  in  the  crystal.  Absorption 
gratings  also  complicate  the  interpretation  of  beam-coupling  experiments,  and,  if  are 
not  taken  into  account,  can  lead  to  spurious  values  for  crystal  parameters. 
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An  Optics  Letter^  discussed  the  use  of  absorption  gratings  for  measuring  tm- 
number  density,  and  a  longer  article  in  Journal  of  the  Optical  Society  of  America® 
discussed  the  detailed  effects  of  absorption  gratings,  and  compared  our  theory  and 
experiments. 


5)  Modeling  studies  and  experimental  observations  of  the  dynamics  of 

STIMULATED  PROCESSES  AND  NONLINEAR  OPTICAL  PHASE  CONJUGATION  IN  CRYSTALS. 

Stimulated  scattering  lies  at  the  heart  of  self-pumped  and  mutually-pumped 
phase  conjugators;  it  provides  the  small  seeding  beam  that  is  amplified  to  become  the 
phase-conjugate  signal.  These  stimulated  light  beams  often  follow  complicated  paths 
m  the  crystal.  In  this  work  we  show  why,  under  some  conditions,  the  stimulated  light 
beams  appear  to  follow  a  curved  path  in  the  crystal.  In  particular,  we  show  that  in  a 
mutually-pumped  phase  conjugator  the  beam  path  will  consist  of  a  multitude  of  short 
line  segments  that  approximate  a  curve.  These  line  segments  result  from  the 
successive  bifurcations  of  the  path  of  the  stimulated  beams.  An  example  is  shown  in 
Fig.  8,  where  two  input  beams  are  shown  to  lead  to  a  bridging  beam  between  them, 
which  then  bifurcates  again,  so  as  to  approximate  a  curved  final  path. 

This  work  will  be  published  in  the  Journal  of  the  Optical  Society  of  America. ^ 


Fig.  8.  Beam  paths  inside  a  mutually-pumped  phase  conjugator.  The 
two  input  beams  come  from  the  bottom  left  and  bottom  right.  In  (a)  the 
beams  meet  and  interact  in  the  top  region.  In  (b)  the  system  has 
spontaneously  bifurcated  to  form  a  new  beam  path  connected  by  two 
new  interaction  regions.  In  (c)  the  system  has  bifurcated  again.  The  final 
beam  path  consists  of  many  straight-line  segments  resembling  a  curve. 


(6)  Demonstration  of  a  new  technioue  for  seeing  through  a  scattering  medium 

USING  TEMPORAL  HOLOGRAPHY. 
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Probably  the  most  dramatic  (and  unexpected)  achievement  of  this  research 
contract  has  been  the  demonstration  of  a  new  method  for  imaging  an  object  through  a 
scattering  material.  A  patent  application  for  this  new  process  is  being  prepared  by  the 
University  of  Southern  California.  Articles  describing  this  new  technique  appeared 
last  spring  in  the  New  York  Times  and  the  London  Economist.  The  technique  would, 
in  principle,  allow  one  to  use  visible  laser  light  to  look  into  the  human  body,  so  as  to 
visualize  small  tumors.  It  would  also  let  one  see  through  clouds  and  fog. 

The  technique  is  based  on  the  principle  that  when  light  travels  through  a 
scattering  medium,  a  very  small  fraction  of  the  light  may  traverse  the  medium  without 
scattering.  This  so-called  "ballistic  light"  travels  the  shortest  path  and  therefore 
emerges  from  the  medium  first,  before  the  light  that  has  suffered  multiple  scattering.  If 
one  could  selectively  view  this  ballistic  light  and  exclude  the  multiply  scattered  light, 
then  one  could  see  an  object  through  the  scattering  medium. 

Our  device  uses  the  information  storage  properties  of  spectral  hole-burning 
materials  to  selectively  view  either  the  early,  ballistic  light  or,  if  desired,  the  later, 
multiply-scattered  light.  The  technique  requires  a  laser  having  a  short  coherence 
length  to  illuminate  the  object.  Light  travels  from  the  object  through  the  scattering 
medium  and  strikes  the  sample  of  hole-burning  material.  A  separate  reference  beam 
also  strikes  the  hole-burning  material.  The  two  light  beams  record  a  "temporal 
hologram"  inside  the  material.  By  directing  a  reading  beam  onto  the  material,  a  movie 
of  object  beam  is  recreated.  Depending  on  the  direction  of  the  reading  beam,  the 
movie  can  show  only  those  parts  of  the  object  beam  that  arrived  before  the  reference 
beam,  thereby  preferentially  displaying  the  light  that  travelled  through  the  object  with  a 
ballistic  path. 

This  Paper  was  published  in  Nature, '*0  and  was  picked  up  by  the  popular  press, 
including  the  Wall  Street  Journal,  the  New  York  Times,  and  the  Economist  (London). 
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Fig.  9.  Set-up  for  demonstrating  temporal  holography.  Light  from  a 
picosecond  laser  is  reflected  off  of  two  objects,  with  the  front  object 
painted  with  a  strongly  scattering  material,  so  as  to  obscure  the  image  of 
the  back  object.  The  light  from  both  objects  is  holographically  recorded 
in  a  spectral  hole-burning  medium  at  2°  K.  When  the  hologram  is  viewed 
with  another  reference  beam  pulse,  only  light  from  the  rear  object  is 
displayed. 
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Abstract— \  novelty  8ller  delects  what  is  nett  in  a  scene  and  may  be 
likened  to  a  temporal  high-pass  RIter.  We  review  the  current  status  of 
optical  novelty  filters  (and  related  devices)  that  use  four-wave  mixing 
or  two-beam  coupling  in  pholorefractive  media.  A  detector  that  shows 
only  what  is  not  new  (which  we  call)  a  monotony  filler  may  be  likened 
to  a  temporal  low-pass  filter.  Demonstrations  of  high-  and  low-pass  and 
bandpass  temporal  image  filters  are  discussed.  An  analytical  treatment 
of  the  two-beam  coupling  devices  is  given  in  a  Laplace  transform 
framework  in  the  undepleted  pump  approximation  assuming  plane 
wave  inputs.  This  allows  a  unified  treatment  of  the  various  filler  char¬ 
acteristics. 


I.  Introduction 

A  NOVELTY  filter  shows  what  is  new  in  an  input  im¬ 
age  compared  with  the  input’s  recent  history  (!]. 
Novelty  filters  are  an  essential  ingredient  to  the  front-end 
visual  system  of  many  animals.  Frogs,  for  example,  use 
novelty  filtering  to  detect  flying  insects.  Humans  also  use 
novelty  detection  to  rid  our  visual  field  of  the  image  of 
the  blood  vessels  located  in  front  of  the  retina:  we  con¬ 
stantly  move  our  eyes  in  small  tremors  and  in  rapid,  jerky 
movements  (saccades),  and  then  automatically  remove 
from  the  image  everything  that  does  not  change  [2]. 

Novelty  detection  using  an  optical  system  is  similar  to 
temporal  high-pass  filtering.  However,  the  final  output 
sensor  (our  eyes  or  a  TV  camera)  detects  the  optical  field 
intensity  rather  than  amplitude,  and  as  a  result  a  novelty 
filter  can  produce  seemingly  peculiar  results.  For  exam¬ 
ple,  imagine  a  quiet  lily  pond  viewed  through  a  novelty 
filter.  At  first  the  filter  displays  the  pond.  In  time,  how¬ 
ever,  the  filter  adapts  to  its  input  and  removes  the  image 
of  the  stationary  pond  from  the  output.  On  the  other  hand, 
a  flying  bug  is  a  constant  stream  of  newness,  so  the  bug 
remains  visible.  The  peculiar  feature  is  that  if  a  frog 
should  leap  from  one  lily  pad  to  another,  the  frog  would 
instantly  appear  in  two  places:  where  it  is,  because  it  was 
not  there  before,  and  where  it  was,  because  its  sudden 
absence  is  just  as  novel  as  its  sudden  presence. 

Although  the  detection  of  change  in  a  scene  is  impor- 
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tant  when  it  is  change  that  is  special,  when  nearly  every¬ 
thing  in  the  scene  is  undergoing  change,  then  it  may  be 
what  is  static  (or  nearly  so)  that  is  more  interesting.  For 
example,  consider  tracking  a  moving  object:  we  con¬ 
stantly  move  our  attention  in  the  visual  scene  in  order  to 
keep  the  object  fixed,  to  keep  it  un-novel,  to  keep  it  mo¬ 
notonous.  We  call  the  complement  of  a  novelty  filter  a 
monotony  filter.  The  most  celebrated  use  of  the  monotony 
filter  is  the  detection  of  the  modes  of  vibrating  objects 
(even  the  eardrum).  The  application  of  holography  to  this 
purpose  using  photographic  plates  long  preceded  the  in¬ 
vention  of  the  optical  novelty  filter. 

A  monotony  filter  behaves  like  a  low-pass  filter.  To¬ 
gether,  novelty  and  monotony  filters  are  fundamental 
building  blocks  for  more  general  linear  processing  sys¬ 
tems.  Having  these  functions  in  hand  makes  optics  a  more 
attractive  potential  competitor  to  electronics  for  process¬ 
ing  images. 

Consider  how  we  might  detect  change  in  a  scene  using 
digital  electronics;  the  current  scene  from  a  video  camera 
is  digitally  subtracted  (in  a  serial  fashion)  from  a  scene 
stored  in  memory  and  fed  into  a  video  memory  for  dis¬ 
play  (and  at  the  same  time  the  current  scene  is  also  se¬ 
rially  stored  into  memory). 

In  contrast,  an  optical  novelty  filter  uses  a  real-time 
holographic  medium  for  the  memory.  The  hologram  in¬ 
herently  records  the  time-exponential  average  of  the  input 
scene.  At  the  same  time,  interference  subtracts  the  '  ored 
scene  from  the  live  scene  essentially  instantaneously,  w  ith 
the  entire  scene  processed  in  parallel.  These  optical  nov¬ 
elty  filters  are  simple  and  work  remarkably  well.  An  im¬ 
portant  measure  of  their  performance  is  the  output  con¬ 
trast  when  the  input  changes  completely,  say,  from  light 
to  dark.  Demonstrations  have  so  far  yielded  peak  con¬ 
trasts  of  approximately  thirty  to  one. 

In  order  to  encode  a  visual  scene  onto  a  laser  beam, 
several  of  the  optical  novelty  filters  use  a  modified  liquid 
crystal  television.  These  televisions  currently  have  52  500 
pixels  in  a  rectangle  measuring  two  inches  diagonally,  ana 
the  televisions  are  the  limiting  element  for  both  the  sub¬ 
traction  speed  and  the  picture  resolution  in  the  novelty 
filters. 

Our  main  purpose  for  presenting  this  review  is  to  stim¬ 
ulate  interest  in  these  simple  but  effective  optical  novelty 
and  monotony  filters.  Wc  believe  that  they  can  be  made 
practical,  and  we  hope  to  see  them  incorporated  as  com¬ 
ponents  in  larger  systems.  ..  ■ 

The  following  section  gives  a  brief  review  of  the  pho- 
torefractiye  effect,  which  has  been  used  in  all  demonstra¬ 
tions  of  optical  noveUy.and  monotony;  filters  to  date.  In 
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the  second  part  of  that  section  we  investigate  the  time  re¬ 
sponse  of  two-beam  coupling  using  Laplace  transform 
techniques  in  order  to  bring  out  the  filter  characteristics. 
(The  reader  may  wish  to  skip  Section  II  at  first  reading 
and  go  directly  to  following  sections.) 

Our  review  of  novelty  filters  begins  in  Section  III;  the 
various  systems  are  taken  in  more  or  less  the  chronolog¬ 
ical  order  as  they  appeared  in  the  conference  or  journal 
literature.  These  devices  include:  the  ring  novelty  filter 
[3],  the  four-wave  mixing  interferometer  (3]-(5],  the  two- 
beam  coupling  novelty  filter  [6],  [7],  the  transient  energy 
coupling  or  bandpass  filter  [8],  the  beam  fanning  filter 
[6].  [9],  and  the  image  velocity  filter  [10]. 

In  Section  IV  we  briefly  discuss  photorefractive  mate¬ 
rials  for  monotony  detection  (perhaps  better  known  as 
time-averaging  interferometry).  Much  of  the  formalism 
presented  in  Section  II-B  on  filter  characteristics  carries 
directly  over  to  this  section  by  simply  changing  the  sign 
of  the  two-beam  coupling  coefficient.  We  close  in  Section 
V  with  some  comments  regarding  applications. 

II.  The  Photorefractive  Effect 

All  of  the  devices  described  here  use  a  photorefractive 
crystal  as  the  active  element,  and  all  but  one  of  the  de¬ 
vices  rely  principally  on  two-beam  coupling  in  the  pho¬ 
torefractive  material.  (The  exception  is  the  four-wave 
mixing  interferometer.)  In  this  section  we  present  first  a 
brief  review  of  the  theory  of  the  photorefractive  effect, 
and  then  a  treatment  of  the  temporal  response  of  the  two- 
beam  coupling  phenomena  in  the  undepleted  pump  re¬ 
gime,  which  is  particularly  amenable  to  linear  systems 
analysis  of  the  medium  as  a  filter.  Our  review  of  the  pho¬ 
torefractive  effect  is  not  a  complete  one;  it  is  intend^  to 
provide  the  reader  with  the  general  principles  so  that  some 
insight  into  the  behavior  of  the  photorefractive  filters  can 
be  gained.  For  more  detail,  we  refer  the  reader  to  some 
of  the  excellent  work  that  may  be  found  in  the  literature. 
Glass  has  written  one  of  the  early  reviews  of  the  photo¬ 
refractive  effect  [11].  Much  of  the  current  work  on  the 
theory  of  photorefractive  effects  attributes  its  roots  to  the 
work  of  Kukhtarev  and  collaborators  [12],  [13].  A  review 
of  some  of  the  recent  applications,  materials,  and  devices 
employing  photorefractive  media  has  been  written  by 
Gunter  [14].  Optical  phase-conjugation  and  two-beam 
coupling  in  photorefractive  media  is  reviewed  by  Fein- 
berg  [15].  A  very  recent  collection  of  works  edited  by 
Gunter  and  Huinard  is  a  superb  resource  [16]. 

A.  Two-Beam  Coupling:  Steady  State 

Photorefractive  two-beam  coupling  is  a  result  of  a  re¬ 
markable  synergism  among  several  effects.  An  image¬ 
bearing  beam  and  a  reference  beam  interfere  in  a  photo¬ 
refractive  crystal,  and  the  resulting  spatially-periodic  in¬ 
tensity  pattern  from  these  "writing”  beams  redistributes 
mobile  charges  in  the  crystal.  The  static  electric  field  from 
the  spatially-periodic  charge  pattern  distorts  the  crystal 
lattice,  making  a  phase  “grating”  or  hologram  in  the 


crystal.  One  of  the  interesting  properties  of  photorefrac¬ 
tive  crystals  is  that  the  stored  phase  grating  is,  in  general, 
spatially  shifted  from  the  intensity  interference  pattern.  In 
this  case,  the  grating  will  couple  the  amplitudes  of  the  two 
writing  beams,  so  that  one  beam  will  emerge  amplified 
and  the  other  depleted,  with  the  direction  of  energy  cou¬ 
pling  determined  by  the  positive  direction  of  the  c  axis  of 
the  crystal. 

The  usual  approach  to  photorefractive  coupling  is  to  as¬ 
sume  that  the  optical  fields  are  plane  waves  of  frequency 
w  and  having  amplitudes  that  vary  slowly  as  the  waves 
propagate  through  the  crystal: 

£,(r,  r)  =  je,(z)  exp  {i(k,  ■  r  -  wt)}  -I-  c.c.  (la) 

^2(^.0  =  ^^2(2)^*?  {'(^2  ■  f  ~  “O}  +  c.c.  (lb) 

where  c.c.  means  complex  conjugate  and  where  we  have 
assumed  scalar  optical  fields.  The  input  beams  are  also 
assumed  to  propagate  such  that  the  bisector  of  the  angle 
between  them  is  defined  to  be  the  z  axis,  and  we  choose 
their  plane  of  intersection  as  the  xz  plane.  In  response  to 
the  interference  pattern  of  the  optical  waves,  the  medium 
evolves  a  space-charge  field  that,  in  turn,  gives  rise  to  a 
refractive-index  grating  that  mimics  the  interference  pat¬ 
tern  except,  in  general,  for  a  spatial  phase-shift.  For  con¬ 
venience  we  define  a  scalar  "grating  field”  8  (z.  t)  whose 
amplitude  is  proportional  to  the  amplit  .^e  An(z,t)  of  the 
refractive  index  grating  [17]; 

8  *  -»«Art/(2c).  (2a) 

The  time  evolution  of  the  slowly-varying  amplitude  of  8 
is  governed  by  the  interference  of  the  optical  fields  [12], 
116): 


39  (z.  t) 

dr 


r  S.(z)  8?(z)~) 
2  I(z)  j 


(2b) 


where  7  is  a  decay  constant  that  is  approximately  propor¬ 
tional  to  the  intensity  and  F  is  a  coupling  constant.  The 
quantities  7  and  F  may  both  be  complex,  but  in  a  diffusion 
dominated  crystal,  such  as  barium  titanate  with  no  applied 
dc  field,  they  are  both  real.  Expressions  for  the  coupling 
and  decay  constants  in  terms  of  the  material  parameters, 
possible  applied  electric  field,  and  optical  geometry  may 
be  found  in  [16].  In  (2b),  I(z)  =  18|(z)|^  -1-  lS2(z)|^  is 
the  total  intensity,  which  may  vary  along  z  due  to  absorp¬ 
tion  in  the  crystal. 

In  a  medium  having  a  large  coupling  constant  F,  the 
grating  changes  the  optical  field  distribution,  which  then 
affects  the  grating  again.  This  mutual  interaction  between 
grating  and  fields  in  both  time  and  space  is  what  makes 
an  analytical  treatment  so  difficult.  However,  in  steady 
state,  the  grating  field  amplitude  cleariy  becomes 

F6,(z)6?(0 
S(z)  2  i(z)  • 


(3) 
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The  spatial  evolution  of  the  fields  may  be  approached 
using  the  coupled- wave  theory  of  Kogelnik  [18].  In  a  me¬ 
dium  with  loss  constant  a  the  coupled  wave  equations  take 
the  simple  form 

f  f  e.  (4a) 


dz 


(4b) 


These  can  be  rewritten  in  terms  of  the  field  intensity  and 
phase  by  writing  6  =  and  by  recognizing  that 

(Rjdz  —  Z*dE,ldz  +  c.c.  Then  the  rate  of  change  of  the 
intensities  Ii  and  It  and  phases  0,  and  02  of  the  two  beams 
with  distance  in  the  crystal  is: 


dz 


Re{r} 


III: 

I,  +  Ij 


al,; 


dz 


ll  -t-  12 


d0| 

dz 


1/2 


d<}>2 

dz 


(Sb) 


The  coupling  strength  F  is  determined  primarily  by  the 
Pockets  coefficient  and  the  dielectric  constant  of  the  ctys- 
ul,  and  is  taken  to  be  real  if  the  refractive  index  grating 
is  shifted  by  90”  from  the  intensity  pattern.  Note  that  for 
Re  { r }  >0,  beam  1  will  grow  in  intensity  with  distance, 
and  that  for  Ij  «  I2,  its  growth  is  exponential  arid  is 
independent  of  the  intensity  of  the  strong  beam  I2.  Note 
also  that  even  for  the  case  I|  >  I2,  the  strong  beam  will 
still  rob  the  weaker  beam  of  its  energy. 

Equations  (S)  were  derived  assuming  the  beams  are  both 
plane  waves,  which  is  not  true  if  the  beams  carry  images. 
Nevertheless,  in  order  to  derive  some  insight  into  the  nov¬ 
elty  filter  behavior  we  can  solve  the  above  equations  re¬ 
taining  the  plane  wave  assumption.  We  shall  tilso  assume 
that  r  is  purely  real  and  positive,  and  that  there  are  no 
absorption  or  reflection  losses  (a  =  0).  With  purely  real 
r,  according  to  (5b),  the  phases  do  not  change  at  all.  The 
intensities  are  found  by  solving  (5a): 


MO  =  1.(0)-^^  (6a) 

1  +  '■/« 


MO  =  MO) 

1  +  g/r 


where  t  is  the  length  of  the  beam  interaction  region,' g  = 
exp  [Re  (F)/]  is  the  coupling  gain,  and  r  is  the  intensity 
ratio  of  the  input  beams. 


MO) 

MO)' 


Suppose  that  beam  2  carries  the  image.  As  the  coupling 
gain  g  approaches  infinity,  beam  2  becomes  more  de¬ 
pleted  and  its  intensity  I2  approaches  zero.  What  happens 
if  the  image  changes?  We  will  look  at  this  in  more  detail 
in  the  next  section,  but  one  can  see  important  features 
here.  For  simplicity,  let  us  assume  that  r  =  1  (equal  in¬ 
cident  beam  intensities).  Suppose  the  phase  of  the  input 
beam  2  suddenly  changes  by  180”,  so  that  the  instanta¬ 
neous  intensity  interference  pattern  suddenly  shifts  by  half 
a  wavelength.  Before  the  grating  has  had  a  chance  to  re¬ 
spond.  the  output  from  the  photorefractive  crystal  will  be¬ 
have  as  though  F  had  suddenly  changed  sign.  From  (6), 
the  instantaneous  change  in  output  intensity,  which  we 
call  the  contrast  ratio  C,  will  be 


fnovel  _  1  g 

lold  1  +  1/g 


(8) 


In  the  limit  of  large  gain,  C  =  g.  Two-wave  mixing  gain 
in  barium  titanate  can  easily  exceed  100,  and  therefore, 
so  can  the  contrast  C.  Note  that  after  a  while  a  new  pho¬ 
torefractive  grating  will  be  written;  the  steady-state  inten¬ 
sities  will  once  again  succumb  to  (5a),  making  beam  2 
fade.  In  the  next  section  we  take  a  closer  look  at  the  tem¬ 
poral  behavior  of  two-beam  coupling. 


B.  Filter  Characteristics 

We  have  been  saying  that  the  novelty  filter  is  something 
like  a  high-pass  filter  and  the  monotony  filter  is  like  a  low- 
pass  filter.  What  do  they  actually  do?  To  answer  this 
question  we  need  to  work  with  a  theory  that  can  treat  time 
and  space  simultaneously  for  the  medium.  Solymar  and 
Heaton  [19]  and  Heaton  and  Solymar  [20]  described  tran¬ 
sient  energy  transfer  in  the  holographic  writing  process  in 
photorefractive  r-ystals.  Cronin-Golomb  [21]  extended 
their  work  by  allow  ing  one  input  signal  to  vary  in  time  to 
show  the  time-differentiating  behavior  of  the  two-beam 
coupling  process.  His  solution  is  derived  in  the  unde- 
pleted  pump  approximation  assuming  plane  wave  beams; 
unfortunately,  a  novelty  filter  that  employs  a  high-gain 
photorefractive  element  typically  violates  both  of  these 
assumptions.  There  are  many  obstacles  in  the  way  of 
compiling  a  complete  analytical  theory.  As  an  example, 
consider  that  in  the  depleted  pump  case  with  nonplane  op¬ 
tical  beams,  the  intensity  within  the  crystal  varies  spa¬ 
tially  and  therefore  so  does  the  photorefractive  time  con- 
sunt.  To  treat  the  problem  fully  one  would  need  to  include 
these  spatial  variations.  . 

Since  the  emphasis  here  is  on  filter  characteristics,  we 
take  a  somewhat  different  approach  from  Cronin-Golomb 
to  solving  the  problem  of  time-dependent  coupling  in  the 
undepleted  pump  regime.  In  linear  systems  theory,  La¬ 
place  transform  techniques  are  often  employed  [22].  Here 
we  introduce  the  temporal  Laplace  transform  of  an  input 
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ticld  i'.  (  !  ): 


This  has  the  solution 


vv  uh 


(9.-)  .(:■  5)  =  <(Q.  s)  exp  (18) 

with  t(0.  s)  given  by  the  transform  of  C(0,  /): 

(9b)  t(0.  s)  =  (  8(0.  f)e‘"t/r  (19) 


where  r  is  a  complex  frequency  5  =  a  +  /w.  In  this  case, 
the  signal  is  presumed  to  commence  at  /  -  0.  The  beauty 
of  this  technique  is  that  a  filter  can  be  simply  described 
by  a  transfer  function  11 1  s )  such  that  the  output  <'(  ^ )  from 
the  filter  is  given  by  a  product; 


e'{s)  =  11(5)  «(s)  ( 10) 


so  that  the  output  signal  C(/)  is  given  by 

S(0=:;^(  ^s),{i)e^'ds.  (11) 

2iri  Jo-is) 

High-  and  lowi-pass  filter  characteristics  correspond  to  the 
location  of  the  various  zeros  and  poles  in  the  transfer 
function. 

We  wish  to  find  R(s)  for  the  tw'o-beam  coupling  pro¬ 
cess.  We  start  with  the  fields  of  (1)  except  that  now  beam 
I .  the  image  carrying  beam,  is  allowed  to  have  a  spatially- 
varying  amplitude  that  also  varies  slowly  in  time. 

£i(r.  /)  =  Re  {8,(2,  1)  exp  {/(*,  •  r  -  wf)}}.  (12) 

In  the  undepleted  pump  approximation  the  pump  field  83 
does  not  vary  with  distance.  For  the  signal  field,  as  in  (4a) 
but  now  ignoring  loss  (a  =  0): 

§  =  SS:-  (13) 

Now  recall  (2)  for  the  evolution  of  the  grating  amplitude; 


3G(z,  r) 
dr 


-S(z,r) 


2  I(z)  ]■ 


(14) 


With  I2  »  I|,  we  may  replace  1(2)  =®  167  1^.  We  may 
also  use  (13)  to  eliminate  S  from  (14): 


3-Si(z.  t)  _  (  d&,(z,  t) 
dtdz  dz 


-h 


(15) 


The  inverse  Laplace  transform  evaluated  at  2  =  f  gives  us 
the  output  of  the  filter; 


£(?.  0  =  — 

2  VI 


e(0,  j)  exp 


yFf 


2{s  -1-  7; 


e”  ds. 


(20) 


For  any  particular  £(0,  j)  (20)  can  be  integrated  using  the 
method  of  residues  [23]  after  expanding  the  first  exponen¬ 
tial  as  a  Taylor  series.  Here  we  are  most  interested  in  a 
filter  function  that  represents  the  behavior  of  the  device. 
Evidently,  the  photorefractive  medium's  transfer  function 
fi(5)  is 


A(s)  =  e.xp 


yre 


2(s  -I-  7) 


(21) 


Setting  s  =  /CO  we  see  that  A(/co)  is  in  fact  a  high-  or  low- 
pass  filter  as  Re  { r }  is  greater  than  or  less  than  zero, 
respectively.  That  is.  the  magnitude  of  the  exponent  is  a 
maximum  for  to  =  0  and  tends  to  zero  as  to  -♦  00.  The 
interpretation  of  the  transfer  function  is  really  quite  sim¬ 
ple.  For  real  F  we  recognize  A(  ’0)  =  exp  {  rf/2  }  as  the 
steady-state  (amplitude)  gain  for  the  signal;  The  exponent 
itse/f,  not  simply  the  signal  amplitude,  has  a  pole  at  a 
cutoff  frequency  given  by  the  decay  constant.  Therefore, 
the  signal  gain  changes  very  rapidly  for  frequencies  near 
the  cutoff  frequency.  For  reasonably  large  Ff  the  filter 
rolloff  is  strong  indeed.  The  magnitude  and  phase  of  the 
transfer  function  for  Ff/2  =  — 10  and  7  =  1  is  shown  in 
Fig.  1. 

Having  the  transfer  function  in  hand,  the  contrast  is 
given  by  the  ratio  of  the  transfer  function  at  as  w  -►  00  to 
that  at  cj  =  0.  For  the  novelty  filter  (Re{F}  <0): 

.2 


C  = 


L 


A(/oo) 


ll(,0) 


=  e"  =  ^ 


(22) 


In  the  subsequent  discussion,  we  shall  drop  the  subscript 
from  8.  In  order  to  solve  this  mixed  differential  equation, 
we  invoke  our  Laplace  techniques  and  transform  both 
sides  of  (15).  With  this  transformation,  time  differentia¬ 
tion  corresponds,  to  multiplying  by  s  in  the  transformed 
space.  Thus  (15)  becomes  .  c..  ;  rar  - 


i 


'  de(z,  sy 


or  •  ■  ,  ■  - 

• .  iri  F‘r  ■  s). 

dz 


yr 


2(s-hy) 


€(z.  sjf: 


(17) 


jvhich  is  the  same  result  obtained  earlier  for  two-beam 
coupling  including  pump  depletion  for  equal  input  beam 
intensities  and  in  the  limit  of  large  gain.  Simply  reversing 
the  sign  of  the  coupling  coefficient  gives  the  transfer  func¬ 
tion  for  the  monotony  filter. 

.  III.  Optical  Novelty  Filters  ,  .  . 

As  history  would  have  it,  the  earliest  demonstrations  of 
adaptive  optical  novelty  filters  were  the.  most  compli¬ 
cated;  the  more  recent  demonstrations  are  considerably 
simpler.  What  distinguishes  one  novelty  filter  from  an¬ 
other  is  the  method  used  to  read  out  the  hologram  stored 
in  the  ciysul,  and  whether  or  not  the  device  takes  advan- 
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Log  (Angular  Frequency) 

(a) 


Log  (Angular  Frequency) 

(b) 

Fig.  1.  Transfer  function  for  iwo-beam  coupling  in  undepleied  pump  ip- 
proximarion.  The  angular  frequency  is  nonnalized  to  |  y  |,  (a)  Gain  (mag¬ 
nitude),  (b)  phase.  These  curves  correspond  to  Vt/1  »  -lO.  y  »  1. 
showing  a  novelty  detection  charactertslic.  The  monotony  filter  charac¬ 
teristic  can  be  obtained  by  changing  the  sign  of  the  ordinates. 


tagc  of  the  two-beam  energy  coupling  described  above. 
Perhaps  the  first  demonstration  of  the  use  of  wave  mixing 
in  a  photorefractive  as  a  two-dimensional  image  filter  was 
.  by  Jahoda  et  al.  [24],  who  made  a  Michelson  interfer- 
o  neter  having  one  phase-conjugating  mirror  [25].  A  rap- 
j.;'  varying  phase  disturbance  in  the  phase-conjugating 
anr.  of  the  interferometer  would  affect  the  pattern  of  out¬ 
put  fringes  of  the  device,  while  slowly-varying  distortions 
would  not.  However,  there  was  nothing  to  guarantee  that 
ihe  output  .would  become  a  null  in  the  absence  of  a  time- 
varying  signal.  The  novelty  filters  described  produce  a 


relatively  null  output  (defined  by  the  contrast)  when  noth¬ 
ing  is  moving  or  changing  in  the  scene. 

A.  The  Ring  Novelty  Filler 

The  first  optical  novelty  filter  sprang  from  the  observed 
behavior  of  a  ring  resonator  that  used  a  photorefractive 
medium  in  place  of  a  conventional  mirror  [26].  The  out¬ 
put  from  this  ring  tends  to  zero  at  steady  sute  [3].  How¬ 
ever,  a  sudden  change  in  the  resonator  length  was  ob¬ 
served  to  produce  an  intense  output.  The  ring  resonator 
can  be  made  into  a  novelty  filter  by  placing  a  spatial  light 
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modulator  inside  the  resonator  cavity  [5]  as  shown  in  Fig. 
2.  The  spatial  light  phase  modulator  is  connected  to  a 
television  camera,  so  that  it  encodes  a  live  phase  image 
onto  the  transmitted  laser  beam.  The  beam  transmitted 
through  the  modulator  is  deflected  by  mirrors  to  reenter 
the  crystal  and  intersect  the  original  beam.  These  two 
beams  create  a  volume  phase  hologram  inside  the  photo- 
refractive  crystal,  which  in  barium  titanate  is  spatially 
shifted  from  the  intensity  pattern  by  90°,  and  so  couples 
the  amplitudes  of  the  two  beams.  The  crystal’s  c  axis  di¬ 
rection  is  chosen  so  that  energy  is  coupled  from  the  inci¬ 
dent  beam  into  the  ring  resonator  cavity.  Energy  then 
builds  up  inside  the  resonator.  Because  the  ring  resonator 
can  store  energy,  the  intensity  inside  the  ring  can  be 
greater  than  the  incident  intensity.  The  two-beam  coupled 
wave  equations  (5)  can  be  solved  for  the  ring  by  requir¬ 
ing,  in  steady  state,  the  intensity  after  one  round-trip  in 
the  ring  to  be  the  same  as  its  initial  value.  The  solution 
shows  that  the  ratio  of  the  intensity  circulating  in  the  ring 
to  the  incident  intensity  is  given  by  the  buildup  parameter 


b  = 


1  4 


1  -  L 


Ue 


1/2 


(23) 


where  L  is  the  total  round-trip  intensity  loss  of  the  loop 
(including  the  crystal  losses). 


L  —  \  -  R  exp  (  -a().  (24) 


R  is  the  net  round-trip  effective  reflectivity  of  the  com¬ 
bined  optical  elements  in  the  ring  (including  the  spatial 
light  phase  modulator),  and  a  is  the  intensity  absorption 
coefficient  of  the  photorefractive  medium  having  length  f, 
as  before.  In  the  limit  of  large  coupling,  the  buildup  be¬ 
comes  independent  of  the  coupling  strength  F: 


( Here  the  coupling  is  considered  large  when  exp  ( Ff  » 
( 1  -  L)ll} .)  On  the  other  hand,  the  light  at  the  output 
of  the  loop  is 


u  =  -(l  -L) 

(l-Lf 

-  £ 

RL 


1  - 


1  -h  b 
1  +  be 


r( ' 


‘incident 


-'■'I 


incident 


(26) 

(27) 


which  goes  to  zero  for  large  coupling  [3],  If  a  portion  of 
the  beam  in  the  ring  changes  phase  by  180®  (giving  the 
maximum  possible  signal),  that  portion  will  appear  inten¬ 
sified  at  the  output.  The  resulting  contrast  is  the  same  as 
for  the  two-beam  coupling  case: 

In  practice  the  ring  is  a  rather  awkward  geometry  be- 
'  cause  the  incident  light  must  be  expanded  after  traversing 


output 


Fig.  2.  Ring  resonator  with  a  holographic  mirror  used  as  a  novelty  filler. 


the  photorefractive  crystal  to  the  dimensions  of  the  LCTV, 
then  reduced  to  enter  the  crj'stal  again. 

B.  Four-fyave  Mixing  Novelty  Filter 

A  more  practical  geometry,  demonstrated  by  Anderson 
et  al.  {4],  uses  four-wave  mixing  in  an  arrangement  iden¬ 
tical  to  that  used  to  demonstrate  optical  phase  conjuga¬ 
tion.  As  shown  in  Figs.  3  and  4,  two  variations  are  pos¬ 
sible.  In  one  case  an  incident  plane  wave  is  divided  by  a 
beamsplitter.  One  resulting  beam  passes  through  an  op¬ 
tical  phase  modulator  that  contains  a  picture  of  the  live 
scene.  Both  beams  are  subsequently  incident  on  the  same 
phase-conjugating  mirror  [15],  [16].  The  conjugator  gen¬ 
erates  the  phase-conjugate  beams,  which  propagate  back 
towards  the  beamsplitter.  Under  steady-state  conditions, 
the  information  on  the  one  phase-conjugate  wave  is  ex¬ 
actly  cancelled  by  its  return  trip  through  the  phase  mod¬ 
ulator,  so  that  it  emerges  as  a  plane  wave.  In  steady-state, 
the  two  phase-conjugated  beams  coherently  recombine  at 
the  beamsplitter  so  as  to  travel  back  into  the  light  source, 
with  no  light  going  into  the  “output  port”  of  the  beam¬ 
splitter.  This  can  be  explained  by  drawing  upon  the  anal¬ 
ogy  between  phase-conjugation  and  time  reversal  [27]: 
since  no  light  came  into  the  output  port  of  the  beamsplit¬ 
ter,  no  light  should  leave  this  port.  However,  if  the  image 
on  the  modulator  changes  in  a  time  faster  than  the  re¬ 
sponse  time  of  the  phase  conjugator,  the  beam  emerging 
from  the  modulator  will  not  be  a  plane  wave.  In  particu¬ 
lar,  the  wavefront  will  be  altered  for  those  locations  in  the 
modulator  that  are  changing  in  time,  and  there  will  be  an 
instantaneous  signal  at  the  output  port  of  the  beamsplitter. 
After  the  medium  has  had  time  to  respond,  the  output 
fades  again. 

A  second  implementation  of  the  four-wave  mixing  nov¬ 
elty  filter  uses  a  polarization  modulator  instead  of  a  phase 
modulator  to  impress  a  polarization-encoded  image  onto 
the  beam.  The  liquid-crystal  display  from  commercially 
available  hand-held  televisions  is  inherently  a  polariza¬ 
tion  modulator.  (Liquid  crystal  televisions  use  two  be¬ 
tween  sheet  polarizen  in  order  to  make  the  display  mod¬ 
ulate  the  intensity  of  the  light).  The  configuration  shown 
in  Fig.  4  uses  the  liquid  crystal  display’s  polarization 
characteristics  [28]-[30].  An  incident  polarized  plane 
wave  is  transmitted  by  the  first  polarizing  beamsplitter. 
The  beam  traverses  a  liquid  crystal  display  sandwiched 
between  a  pair  of  waveplates.  The  transmitted  beam  is 
then  sent  into  a  phase  conjugator  designed  to  accommo- 
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Fig.  3.  A  phase-conjugating  novelty  filter  using  a  phase  modulator  in  a 
self  aligning  interferometer  configuration. 


Fig.  4.  A  polarization-conjugating  novelty  filter  using  a  polarization  mod¬ 
ulator  and  two  polarizing  beamsplitten. 


date  any  polarization  [31].  (The  beam  is  hrst  divided  by 
a  second  polarizing  beamsplitter  into  two  linearly-polar¬ 
ized  components.  Since  a  photorefractive  phase-conju- 
gator  will  only  conjugate  one  component,  a  half-wave 
plate  is  used  in  one  arm  to  rotate  the  polarization  90°. 
The  two  beams  are  separately  conjugated  and  then  recom¬ 
bined  at  the  polarizing  beamsplitter).  The  conjugate  beam 
passes  backwards  through  the  modulator,  and  back  to  the 
first  polarizing  beamsplitter.  In  steady-state  the  light  re¬ 
turning  to  the  first  polarizing  beamsplitter  will  have  its 
original  polarization  inuct,  and  so  the  beam  will  be  sent 
towards  the  laser.  However,  any  sudden  change  in  the  im¬ 
age  will  alter  the  polarization  of  the  beam  returning  to  the 
first  polarizing  beamsplitter,  and  so  that  part  of  the  image 
will  be  deflected  into  the  output  port. 

It  is  interesting  to  note  that  in  both  systems,  while  the 
output  from  the  beamsplitter  or  the  polarizing  beamsplit¬ 
ter  shows  the  novelty  of  the  scene,  the  light  that  propa¬ 
gates  back  toward  the  laser  carries  the  monotonous  infor¬ 
mation.  This  information  can  be  observed  with  an 
additional  beamsplitter  placed  directly  in  front  of  the  plane 
wave  source. 

Anderson  et  al,  used  a  barium  titanate  crystal  as  self- 
pumped  phase  conjugating  minor  in  the  configuration  of 
Fig.  4  [4],  [33].  In  order  to  obtain  a  quantitative  mea¬ 
surement  of  the  performance  of  the  system,  a  Pockels  cell 
was  substituted  for  the  spatial  light  modulator.  The  Pock¬ 
els  cell  produced  a  uniform  polarization  change  across  the 


entire  beam,  so  the  “image”  only  had  one  pixel.  Fig.  5 
shows  an  oscilloscope  trace  of  the  results.  The  lower  trace 
is  the  Pockels  cell  voltage;  it  is  simply  stepped  on,  then 
stepped  off.  The  step  height  is  the  half-wave  voltage  of 
the  cell,  which  produces  a  90°  polarization  rotation  of  the 
transmitted  beam.  The  upper  trace  shows  the  output  in¬ 
tensity  from  the  interferometer  (note  that  the  intensity 
scale  is  inverted).  The  output  intensity  rises  immediately 
with  the  voltage  step,  then  decays  as  the  phase-conjugator 
adapts.  The  output  has  essentially  the  same  response  to 
the  step  down  of  the  Pockels  cell  voltage.  The  observed 
decay  time  constant  of  —0.25  s  was  obtained  using  ap¬ 
proximately  0.5  W/cm*  total  light  intensity  incident  on 
the  barium  titanate  crystal.  The  contrast  indicated  in  the 
figure  is  about  15:1. 

Fig.  6  shows  experimental  results  in  which  a  commer¬ 
cial  LCTV  is  used  as  the  spatial  polarization  modulator. 
In  the  figure,  the  input  image  is  the  phrase  “NOVELTY 
FILTER,”  which  was  produced  by  a  character  generator 
driving  a  video  camera.  Fig.  6  shows  that  the  image  can 
be  seen  only  when  the  character  generator  is  turned  on  or 
off.  Note  that  any  change  in  the  image  will  appear  in¬ 
stantly.  because  the  speed  of  the  phase  conjugator  deter¬ 
mines  only  the  time  required  for  an  unchanging  image  to 
fade,  but  not  for  a  changing  image  to  appear. 

The  two-beam  coupling  treatment  presented  in  Section 
n  is  inadequate  to  describe  this  interferometric  novelty 
filter  having  a  self-piimped  phase-conjugating  mirror.  We 
can,  however,  make  the  following  qualiutive  observation 
that  this  novelty  filter  acts  like  a  bandpass  filter.  For  sim¬ 
plicity,  first  consider  what  happens  for  a  plane  wave  input 
(no  image).  The  return  beam  relies  on  a  grating  generated 
in  the  photorefractive  medium,  which  has  a  finite  time 
response.  If  the  input  wave  changes  slowly,  then  the  pho¬ 
torefractive  medium  tracks  the  change  and  there  is  no  out¬ 
put  from  the  novelty  filter.  If  the  input  wave  changes  very 
rapidly,  then  no  grating  caii  form,  and  once  again  there  is 
rto  output  signal.  Only  if  the  input  beam  changes  in  a  time 
comparable  to  the  photorefractive  response  time  will  there 
be  an  output  signal.  (This  is  in  contrast  to  the  two-beam 
coupling  novelty  filter  described  below,  in  which  a  veiy- 
rapidly-varying  input  simply  propagates  undepleted 
through  the  crystal  to  the  output  port).  For  the  general 
case  of  an  arbitrary  input  image  to  a  self-pumped  phase 
conjugator,  it  is  not  simple  to  describe  the  behavior  of  the 
device.  The  gratings  within  the  photorefractive  medium 
are  formed  with  many  interacting  parts  of  the  image.  If 
only  a  small  part  of  the  image  is  undergoing  change,  then 
the  device  seems  to  behave  as  a  bandpass  filter.  However, 
if  too  much  of  the  image  is  constantly  undergoing  large 
change,  then  self-pumping  will  cease,  and  the  entire  out¬ 
put  will  disappear.  ■  .  ' 

The  contrast  of  the  four- wave  mixing  novelty  filter  does 
not  depend  upon  the  coupling  constent  of  the  crystal  alone. 
Two  signals  are  subtracted  at  the  (polarizing)  beamsplit¬ 
ter.  If  the  phase-conjugation  is  perfect,  the  contrast  is  in¬ 
finite.  The  interferometer  configurations  are  therefore  well 
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Fig.  5.  Oscilloscope  trace  of  the  lime  response  of  the  novelty  filter  of  Fig 
4.  Lower  trace  shows  the  voltage  on  a  Pockeis  cell  polanzation  modu- 
laior.  The  step  corresponds  to  90“  polanzation  rotation.  The  upper  trace 
is  the  output  from  the  output  beamsplitter  showing  approximately  ex¬ 
ponential  decay  after  the  initial  response  to  the  step  change  in  polariza¬ 
tion. 


Fig.  6;  Results  using  the  novelty  filler  of  Fig.  4.  (a)  The  chatacter  gen- 
eritor  inputs  a  new  message,  which  appeal*  instantly,  (b)  A  few  seMnds'  ‘ 
have  elapsed,  and  the  image  has  faded  because  it  is  no  longer  novel,  (cf  . . 
The  message  is  suddenly  removed,  and  is  ihercfoie  immediately  seen.  .  . 
(d)  A  few  seconds  have  elapsed,  and  the  message's  disappearance  is  lio  ' 
longer  novel. 
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suited  to  perform  novelty  detection  \3ith  any  four-wave 
mixing  medium.  In  panicuiar,  one  is  not  limited  to  pho- 
torefractive  materials,  with  their  large  gain  but  slow  re¬ 
sponse,  and  instead  could  use  other  nonlinear  optical  me¬ 
dia  such  as  sodium  vapor  or  laser  dyes. 

C.  Two-Beam  Coupling  Movelry  Filter 

Cronin-Golomb  etal.  demonstrated  an  elegantly  simple 
novelty  filter  that  uses  two-wave  energy  coupling  [6].  Fig. 
7  shows  the  image-bearing  beam  and  a  reference  beam 
intersecting  in  a  barium  titanate  crystal.  Due  to  the  90“ 
phase  shift  between  the  intensity  interference  pattern  and 
the  refractive  index  pattern  in  this  crystal,  in  steady  state 
the  image-bearing  beam  transfers  energy  to  the  reference 
beam  and  emerges  from  the  crystal  severely  depleted.  If 
the  image-bearing  beam  suddenly  changes,  the  energy 
coupling  is  momentarily  defeated,  and  the  transmitted  im¬ 
age  becomes  more  intense  by  the  factor  derived  in  Section 
II; 


BSO  (Bii;SiO:n)  [8].  Kwong  et  al.'s  device  has  a  band¬ 
pass  characteristic,  as  we  shall  see.  This  is  a  significant 
addition  to  the  very  short  list  of  photorefractive  linear 
processing  elements.  Vach.ss  and  Hesselink  used  the 
bandpass  characteristic  to  implement  a  velocity  selecting 
novelty  filter  (discussed  in  Section  Ill-G). 

Recall  the  two-beam  coupling  transfer  function;  > 


Fig.  7.  A  noveliy  filler  ihai  uses  isso-»ave  mixing  lo  deplete  energy  from 
ihe  image-beanng  beam. 


novel  rr 

‘old 

Here  again  the  coupling  strength  P  is  here  taken  to  be 
real. 

A  physical  explanation  for  the  two-wave  mixing  deple¬ 
tion  of  the  image  beam  is  destructive  interference;  the 
transmitted  image  beam  and  the  deflected  reference  beam 
destructively  interfere  on  the  output  screen.  The  output 
screen,  then,  always  contains  two  superimposed  images: 
the  real  image  transmitted  through  the  crystal,  and  the 
holographically-reconstructed  image  produced  by  the  de¬ 
flected  reference  beam.  In  the  steady  state,  these  two  im¬ 
ages  are  of  nearly  equal  amplitude  and  180°  out  of  phase 
with  each  other,  so  that  they  tend  to  cancel.  If  either  of 
the  beams  is  altered,  the  destructive  interference  is 
thwarted,  and  the  screen  becomes  bright.  Note  that  in 
contrast  to  the  four-wave  mixing  novelty  filter,  the  image 
can  be  in  the  form  of  either  phase  or  amplitude  modula¬ 
tion  (or  both).  (However,  any  steady-state  polarization 
change  in  the  image-bearing  beam  will  not  be  canceled  in 
the  output  beam.) 

D.  Bandpass  Filter 

Our  analysis  in  Section  II-B  of  two-beam  coupling  in 
photorefractive  media  assumed  real  coupling  coefficient  P 
and  decay  constants  y.  In  this  case  the  transfer  function 
shows  that  at  steady  state  the  output  is  a  minimum  for  the 
novelty  filter  or  a  maximum  for  the  monotony  filter.  This 
same  analysis  can  be  extended  to  the  case  of  complex  cou¬ 
pling  and  decay  constants,  but  the  response  of  the  medium 
to  input  signals  can  be  substantially  different  from  the  case 
of  real-valued  coefficients.  In  particular,  in  a  material 
having  purely  imaginary  coupling  P,  in  steady  state  there 
will  be  no  energy  coupling  between  beams.  However, 
coupling  can  take  place  as  a  transient  phenomena.  Kwong 
et  al.  realized  that  a  novelty  filter  could  be  based  upon 
this  effect  and  demonstrated  the  concept  in  a  crystal  of 


For  purely  imaginary  coupling  P.  we  see  that  for  dc  sig¬ 
nals  (s  =  0)  there  will  be  no  amplitude  change  of  the 
input  signal,  only  a  phase  change.  It  is  also  true  that  there 
will  be  no  beam  coupling,  even  in  the  transient  regime, 
when  the  signal  and  pump  intensities  are  equal  [34],  [35],  i 

[14],  However,  there  can  be  transient  energy  transfer  if  j 

the  signal  and  pump  beams  have  unequal  incident  inten-  | 

sities,  and  energy  will  always  flow  from  the  stronger  to  a  ! 

weaker  beam.  We  will  use  the  undepleted  pump  regime  i 

for  the  analysis  of  this  problem. 

To  account  for  its  complex  nature  let  us  write 


V  Yr  + 

Setting  5  =  i(j},  the  transfer  function  has  maximum  gain 
when  u)  =  IyI  3  (Yr  +  Gain  falls  off  on  either 

side  of  this  frequency.  For  drift  dominated  materials,  we 
can  set  Re  { P }  =»  0.  (This  is  essentially  the  case  for  a 
BSO  crystal  with  a  large  applied  dc  field.)  With  P  as 
purely  imaginary,  at  dc  and  at  high  frequencies  the  me¬ 
dium  simply  passes  the  input  signal.  Fig.  8  shows  the 
bandpass  transfer  function  for  Pf/2  =  0  -I-  iTO  and  = 
Uy  =  1  /V^.  It  is  natural  to  define  a  contrast  as  the  max¬ 
imum  intensity  gain  ( since  the  gain  at  u  =  0  and  as  w 
00  is  unity); 


Kwong  et  al.'s  optical  arrangement  ir  basically  the  same 
as  for  the  two-beam  coupling  novelty  filter.  An  electric 


y  -*  Jr  +  tiOy 

With  this  notation  the  transfer  function  becomes 


k{s)  =  exp 


r  Pf  y,  +  i(Jy 

I  2  s  +  Yr  + 


=  exp 


frj 

•) 


I  -F 


(29) 
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Fig.  8.  Bandpass  charsclerisiic  iransfer  function  of  transient  energy  cou¬ 
pling.  The  angular  frequency  is  normalized  to  lyj.  (a)  Cain  (magni¬ 
tude).  (b)  phase.  Curves  a  plotted  for  rf/2  -  0  +  ilO,  y  -  (1  + 

<)/v5. 

field  is  applied  along  the  c  axis  of  the  BSO  crystal  so  that 
migration  of  charges  is  dominated  by  drift  rather  than  by 
dif^sion.  A  small  beam  crossing  angle  also  enhances  the 
effect. 

E.  Beam-Fanning  Novelty  Filter 

Ford  et  al.  [9]  demonstrated  what  must  be  the  world’s 
simplest  novelty  filter  (as  suggested  by  Croniii-Golomb  el 
al.  [6]).  It  uses  only  one  input  beam  into  a  barium  titanate 
crystal.  The  device  is  similar  to  that  of  Fig.  7,  except  that 
the  pumping  beam  is  replaced  by  amplified  scanered  light 
(beam  fanning)  from  the  single  incident  beam.  Two-wave 
mixing  with  this  scattered  light  inside  the  crystal  depletes 
the  stationary  portions  of  the  transmitted  t^m,  so  that 
only  the  changing  portions  of  the  scene  are  transmitted. 


This  device  requires  a  large  two-beam  coupling  gain, 
which  is  obtained  by  using  a  crystal  of  barium  titanate 
specially  cut  so  that  its  input  and  exit  faces  are  oriented 
at  a  45°  angle  to  the  c  axis  of  the  crystal,  thereby  taking 
maximum  advantage  of  the  large  Pockels  coefficient 
of  barium  titanate.  Depending  on  how  the  input  image  is 
focused  into  the  crystal,  this  device  is  sensitive  to  changes 
in  the  amplitude,  phase,  wavelength,  or  polarization  of 
the  incident  beam. 

F.  Microscopic  Novelty  Filler 

Cudney  et  al.  used  a  two-wave  mixing  scheme  to  con¬ 
struct  a  novelty-filtering  microscope  [7].  Instead  of  using 
a  spatial  light  modulator  to  encode  an  image  onto  a  laser 
beam,  the  microscopic  organisms  themselves  served  as 
optical  phase  and  amplitude  modulators.  Fig.  9  shows  the 
optical  setup,  in  which  a  pair  of  microscope  objectives  are 
used  to  focus  and  then  image  the  incident  laser  onto  the 
barium  titanate  crystal.  The  intensity  of  light  on  the  sam¬ 
ple  can  be  made  quite  weak  (less  than  the  intensity  of 
ordinary  sunlight).  The  measured  contrast  ratio  was  30:1, 
and  the  spatial  resolution  was  a  few  microns.  In  Fig.  9 
the  images  of  the  moving  protozoa  can  be  seen,  while  the 
image  of  the  stationary  algae  are  largely  removed  from 
the  scene.  (Note  however,  that  any  birefringent  algae  will 
not  be  blocked  out,  as  can  be  seen  in  Fig.  10.) 

G.  Velocity  Selecting  Novelty  Detection 

Once  the  connection  is  made  between  novelty  and  mo¬ 
notony  detection  and  high-  and  low-pass  filtering,  the 
challenge  is  to  construct  more  interesting  devices.  Vachss 
and  Hesselink  used  a  BSO  crystal  as  a  bandpass  filter  to 
construct  a  velocity-selecting  novelty  filler  [10].  Their  de¬ 
vice  is  more  than  just  an  extension  of  the  two-beam  cou¬ 
pling  filters  described  here.  They  recognized  that  an  im¬ 
age  undergoing  translational  motion  gives  rise  to  moving 
grating  components  generated  by  effective  frequency 
shifts  between  writing  beams.  In  the  previous  section  we 
saw  that  with  purely  imaginary  coupling,  the  maximum 
signal  response  frequency  occurs  u>  =  |  y  | .  Hence,  mo¬ 
tion  in  the  image  plane  giving  rise  to  frequency  shifts  in 
this  range  will  yield  an  enhanced  output.  As  with  Kwong’s 
work,  Vachss  and  Hesselink’s  experiment  was  done  using 
a  BSO  crystal  with  an  applied  electric  field.  However,  for 
signal  output  they  use  a  harmonic  of  the  grating  generated 
by  the  usual  two-beam  interaction  in  a  photorefractive 
material.  The  harmonic  gratings  ate  due  to  nonlinear  pro¬ 
cesses  in  the  photorefractive  medium  and  have  grating 
wave  vector  magnitudes  k  =  nk^.  A  harmonic  grating  must 
be  read  out  by  a  separate  laser,  since  it  will  not  be  phase 
matched  with  either  of  the  writing  beams. 

Vachss  and  Hesselink  have  shown  that  a  higher  order 
grating  is  more  sensitive  to  the  dynamical  properties  in¬ 
volved,  that  is,  a  sharper  frequency  response  can  be  ob¬ 
tained  than  with  the  fundamental  grating  [36].  However, 
the  enhanced  sensitivity  is  at  the  expense  of  a  decreased 
resolution  permitted  by  the  se<»nd-order  gratings  [10], 
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Fig.  9.  A  micro&copic  novelty  filter  using  the  organisms  as  living  spatial 
light  modulators. 


(b) 


Fig.  10.  Images  of  swimming  prolozoa  viewed  through  the  microscopic 
novelty  filter  of  Fig.  9.  (a)  The  novelty  filter  is  off,  and  the  protozoa  ini 
the  stationary  background  are  both  visible,  (b)  The  novelty  filter  is  turned 
on.  and  the  background  is  now  removed. 


[36],  The  transfer  function  that  we  derived  above  for  the 
two-beam  coupling  interaction  will  need  to  be  modified 
to  account  for  these  altered  propenies  and  to  account  for 
the  separate  reading  beam.  Without  having  to  actually 
know  the  equations  of  motion  for  the  higher  order  grating, 
we  can  anticipate  the  qualitative  features  to  be  similar  to 
the  case  of  transient  energy  transfer  from  the  fundamental 
grating.  The  signal  frequency  for  maximum  response, 
however,  will  no  longer  be  for  «  =  lyj,  but  w  = 
for  the  nth  harmonic  grating  [10].  In  this  geometry,  the 
output  signal  maximum  evidently  occurs  for  a  maximum 
grating  amplitude,  not  for  maximum  energy  transfer  be¬ 
tween  the  writing  beams. 

To  see  how  the  frequency  shift  comes  about  from  a 
moving  image,  Vachss  and  Hesselink  allow  a  plane  wave 
with  vector  amplitude  £|  and  propagation  direction  Jt,  to 
illuminate  the  object  with  two^imensional  transmittance 
f(r).  The  resulting  beam  interferes  with  a  second  plane 
wave  in  the  medium.  The  total  field  amplitude  is  thus. 

•  •  .  » 

S(f)  =  S,r(r)  exp  (/(*,  •  r  -  wf)] 

•  +  fij  e*P  ('(*2.;/'  “  "f)l  .  (5*) 


so  that  the  intensity  at  the  input  is 

I(r)  =  I8,|-|r(r)f  +  18,1*  +  (8,  •  eft(r) 

■  exp  [i(*,  -  k;)  ■  r]  -F  C.C.).  (32) 

This  can  be  written  in  terms  of  the  field  intensities  I|,  Ij, 
and  the  two-dimensional  spatial  Fourier  transform  Of*) 
of /(/■): 

I(r)  =  I,lf(r)f  + 

•  exp  [i(k  -(-  kc)  '  '’]  +  c.c.}  (33) 

where  s  Jl,  ~  is  the  grating  wave  vector.  If  the 
image  is  moving  with  velocity  V  then  f(r)  becomes  re¬ 
placed  by  r(r  —  Vt).  Now  (33)  becomes 

I(r)  =  l,|r(r  -  Vr)|'  +  -F  2v/M;{a(*) 

•  exp  [i[{k  +  kc)  ■  (r  -  Vr)]  -I-  c.c.)|. 

(34) 


Vachss  and  Hesselink  point  out  that  this  shows  that  the 
component  of  the  image  with  spatial  frequency  k  induces 
a  grating  component  having  frequency  |  k  F  Jtc  |  moving 
in  the  positive  (it  +  kc)  direction  with  velocity 


it  •  V 

I* +  *01' 


(35) 


The  motion  may  also  be  thought  of  as  inducing  a  fre¬ 
quency  shift,  (i>(k)  =  k  •  V. 

It  is  also  true,  however,  that  many  combinations  of  k 
and  V  give  rise  to  the  same  frequency  shift— there  is  no 
direction  sensitivity  to  the  velocity  at  this  point.  Further¬ 
more,  an  amplitude  modulated  image  has  symmetrical 
sidebands  in  Q(it),  one  of  which  will  be  deenhanced  by 
about  as  much  as  the  other  is  enhanced  by  the  transient 
coupling  process.  The  two  together  will  tend  to  cancel  the 
desired  effect.  To  avoid  these  problems,  Vachss  and  Hes¬ 
selink  placed  a  knife-edge  in  the  Fourier  plane  of  the  ob¬ 
ject.  The  knife-edge  eliminates  one  set  of  sidebands  in  the 
spectrum  and  provides  a  degree  of  direction  sensitivity  to 
the  system. 

Fig.  1 1  shows  the  image  of  a  resolution  chart  that  is 
translated  at  three  different  speeds.  The  middle  photo¬ 
graph  shows  enhanced  response  over  the  other  two. 
Vachss  and  Hesselink  also  demonstrated  the  system’s 
sensitivity  to  direction  [10], 


IV.  Monotony  Filters 

One  can  also  make  an  all-optical  device  that  selectively 
displays  only  the  sutionary  portions  of  an  image.  Such  a 
device  can  be  called  a  “monotony  filter,”  because  it 
highlights  only  objects  that  are  inotionless  and  unchang¬ 
ing.  All  the  devices  so  far  discussi^  except  the  beam-fan¬ 
ning  one  have  a  monotony  port  as  well  as  a  novelty  port. 
In  the  two-beam  coupling  cases  it  is  simply  a  matter  of 
reversing  the  roles  of  the  input  beams,  so  that  the  two- 
wave  interaction  amplifies  instead  of  depletes  the  image- 
bearing  beam.  In  the  development  of  Section  II,  one  need 
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0  velocity  AO  mmlsec  RIGHT  25  mmisec  RIGHT 

Fig.  1 1 .  Output  from  velocity  selective  novelty  filter.  An  image  is  trans¬ 
lated  at  three  different  velocities.  The  middle  velocity  gives  rise  to  an 
enhanced  output. 


Fig.  12.  Images  of  a  vibrating  loudspeaker  seen  through  a  monotony  filter 


only  reverse  the  sign  of  Re  {  F }  to  make  a  monotony  fil¬ 
ter.  Now  only  the  stationary  parts  of  the  image  will  be 
amplified,  because  the  changing  portions  of  the  image  do 
not  form  efficient  holograms,  and  so  do  not  become  am¬ 
plified.  In  the  four-wave  mixing  interferometer  versions, 
the  monotonous  portion  of  the  filter  is  always  present  and 
propagates  back  toward  the  light  source.  Note  that  in  the 
novelty  filter  any  new  features  show  up  instantly,  while 
in  the  monotony  filter  any  monotonous  features  show  up 
only  after  a  photorefractive  response  time.  •  ♦  ■  _  ’ 

■  Marrakchi  iet  al:  used  a  four-wave  mixing  geometry  to 
make  a  monotony  filter  [37J.  The  iniage-bearing  beam  was 
reflected  off  of  a  vibrating  loudspeaker  (whose  cone  had 
been  sprayed  with  reflecting  white  paint)  into  a  photore^ 
fractive  crystal  of  BSO.- A  reference  beam  interfefiKi  with’ 
the' reflated  beam  in  the’cry  stairan<f  formed ‘a  fiblogram' 


with  only  the  stationary  parts  of  the  vibrating  image.  The 
hologram  was  read  out  by  a  third  beam,  counter-propa¬ 
gating  to  the  reference  beam.  The  images  are  shown  in 
Fig.  12,  where  the  standing  wave  patterns  of  the  loud¬ 
speaker  cone  arc  clearly  visible.  This  dynamic  application 
of  holography  has  also  been  demonstrated  using  a  BTO 
crystal  by  Kamslulin  et  al.  [38]  and  using  a  SBN  crystal 
by  Kukhtarev  et  al.  [39]. 

V.  Conclusion 

We  have  described  a  number  of  all-optical  devices  that 
can  process  an  entire  image  in  parallel,  and  display  either 
the  novel  or  the  monotonous  portions  of  a  scene.  These 
devices  use  a  photorefractive  crystal  as  a  holographic 
memory.  We  sum  up  the  present  optical  novelty  filters 
with  the  following  practical  observation;  in  any  applica¬ 
tion  for  which  the  required  adaptation  time  is  on  the  order 
of  many  milliseconds  to  seconds,  the  two-beam  coupling 
version  is  the  best  because  of  its  simplicity  and  perfor¬ 
mance.  In  order  to  perform  well,  it  requires  a  material 
with  a  high  coupling  constant,  and  such  materials  (e.g., 
barium  titanate,  strontium  barium  niobate)  are  available. 
However,  these  materials  are  always  slow.  Faster  mate¬ 
rials  having  lower  coupling  efficiency  can  be  used  in  the 
four-wave  mixing  phase-conjugating  geometry.  It  would 
be  interesting  to  try  this  configuration  using  sodium  vapor 
or  another  fast  nonlinear  medium. 

The  devices  we  have  described  are  simple  but  effective 
all-optical  processors  that  extract  the  temporal  changes 
from  a  two-dimensional  input.  They  are  dedicated  optical 
computers  that  can  transform  an  entire  scene  in  parallel. 
Because  they  are  simple  devices,  we  believe  that  they  may 
be  easily  developed  further.  Vachss  and  Hesselink’s  work 
with  the  velocity-selecting  novelty  filter  is  a  step  in  this 
direction.  The  filters  discussed  in  this  review  have  high- 
pass,  low-pass,  or  bandpass  filter  characteristics.  These 
are  fundamental  processing  primitives  that  can  be  com¬ 
bined  to  perform  complex  operations.  The  other  ingredi¬ 
ent  essential  to  processing  is  nonlinearity  (although  the 
filters  use  nonlinear  elements  they  are  performing  linear 
operations).  We  anticipate  that  these  linw  functions  will 
be  united  witlt  the  appropriatV  optical  and/or  electronic 
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nonlinearities  to  make  more  sophisticated  optical  proces¬ 
sors. 
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We  demonstrate  a  new  technique  for  displaying  the  electric  field  autocorrelation  function  of  a 
laser  pulse  in  real  time,  using  two-beam  coupling  in  a  photorefractive  crystal.  This  technique 
can  be  used  over  the  entire  visible  and  near-infrared  regions  of  the  spectrum,  even  with  weak 
laser  beams,  and  is  automatically  self-phase  matched. 


The  coherence  length  of  a  laser  pulse  can  be  measured 
by  interfering  the  pulse  with  its  own  delayed  replica.'  ''  Here 
we  measure  the  coherence  length'”  of  a  pulse  from  a  mode- 
locked  laser,  where  we  average  over  many  pulses.  As  sug¬ 
gested  by  Johnson  etal.,"  we  make  each  laser  pulse  interfere 
with  itself  in  a  photorefractive  crystal.  However,  we  improve 
upon  their  technique  by  encoding  different  time  delays 
across  a  single  laser  beam, '  ^  so  that  the  entire  field  autocorre¬ 
lation  function  can  be  determined  in  essentially  real  time  (a 
few  milliseconds ) .  Our  technique  works  over  a  wide  range  of 
wavelengths  (limited  only  by  the  spectral  response  of  the 
photorefractive  crystal)  and  with  very  weak  laser  pulses 
(  —  microwatt  average  power). 

The  technique  is  outlined  in  Fig.  1.  The  incident  laser 
beam  is  split  into  two,  with  one  beam  (the  reference  beam) 
directed  into  a  photorefractive  crystal.  The  other  beam  (the 
probe  beam )  illuminates  a  diffraction  grating  at  grazing  inci¬ 
dence.  The  first-order  diffracted  beam  has  different  time  de¬ 
lays  encoded  onto  its  different  portions.'^  Inspection  of  Fig. 
1  shows  that  the  left  side  of  the  diffracted  probe  beam  travels 
a  shorter  distance  to  the  photorefractive  crystal  than  the 
right  side  of  the  diffracted  probe  beam,  and  so  arrives  at  the 
crystal  first.  This  diffracted  probe  beam  is  focused  by  a  lens 
into  the  photorefractive  crystal,  where  it  intersects  the  refer¬ 
ence  beam  and  forms  an  intensity  interference  pattern,  but 
only  in  those  regions  of  the  crystal  where  the  two  beams  are 
coherent  with  each  other.  •  ,  ■  ■ 

The  intensity  pattern  creates  an  index-of-refraction  ho¬ 
logram  in  the  photorefractive  crystal.  The  strength  of  the 
hologram  depends  on  the  visibility  of  the  intensity  interfer¬ 
ence  fringes,  which  depends  on  the  relative  coherence  of  the 
two  interfering  beams.  Note  that  if  the  incident  laser  pulses 
are  weak,  it  may  take  many  pulses  to  build  up  the  photore¬ 
fractive  hologram.  This  hologram  couples  the  two  beams,  so 
that  the  probe  beam  experiences  gain  (or  loss,  depending  on 
the  orientation  of  the  crystal).  A  one-dimensional  array  of 
detectors  measures  the  profile  of  the  amplified  probe  beam 
and  stores  it  in  a  computer.  The  probe  beam  gain  will  vary 
with  distance  X  across  the  face  of the  beam,  and  will  depend  on 
the  local  degree  of  coherence  of  the  probe  beam  with  the  refer~ 
ence  beam.  As  show  below,  the  gain  profile' of  the'  ^pli- 
fied  probe  beam  is  simply  related  to  the  electric  field  autocor¬ 
relation  function'  of  the  inddent  lasCT  beam.  '  •  '■ 

Our  coherence  length  ' m^urement  technique  can  be 
Applied  to  a  train  of  Calmost)  arbitrarily  weak  laser  puls^ 
llie  photorefra^ve  hologram  integrates  the  intensity  inter- 
ferdice  pattern  over  tiiiier  and  reaches  a  steady-state  ampli¬ 


tude  that  is  independent  of  the  total  intensity  of  the  incident 
beams.  ( However,  the  time  required  to  reach  the  steady  state 
will  increase  if  the  laser  intensity  is  decreased. )  For  example, 
in  the  experiments  reported  here,  the  time-average  intensity 
of  the  reference  beam  was  3.3  W/cm’  (power,  74  mW;  beam 
diameter.  1.7  mm).  At  this  optical  intensity,  the  response 
time  of  the  crystal  was  about  one-tenth  of  a  second,  enabling 
an  essentially  “real  time"  measurement  of  the  coherence 
length.  However,  we  also  tried  decreasing  the  incident  laser 
intensity  by  a  factor  of  KXX),  so  that  the  photorefractive  crys¬ 
tal  needed  a  minute  or  so  to  build  up  its  hologram,  and  we 
still  obtained  the  same  value  for  the  average  coherence 
length  of  each  laser  pulse. 

The  device  is  calibrated  as  follows.  The  reference  beam 
is  delayed  relative  to  the  probe  beam  by  an  optical  delay  line 
consisting  of  a  rctroreflecting  prism  mounted  on  a  calibrated 
translation  stage.  We  repeatedly  take  data  with  different 
known  time  delays,  and  we  measure  the  translation  of  the 
output  beam’s  profile  across  the  reticon  array,  as  shown  in 
Fig.  2.  This  plot  is  linear,  as  expected,  and  its  slope  yields  the 
calibration  factor  of  our  apparatus. 

'■  Here  are  some  experimental  details;  The  photorefrac¬ 
tive  crystal  is  a  single-domain  crystal  of  BaTiO, ,  which  we 
use  at  room  temperature  without  an  applied  electric  field. 
Both  the  reference  beam  and  the  probe  beam  are  polarized 
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Position  on  Reticon  (mm) 

FIG.  2.  Calibrating  the  apparatus.  The  bottom  portion  of  the  figure  shows 
the  output  beam  profile  translation  across  the  reticon  *as  the  time  delay  is 
changed  The  top  graph  shows  the  linear  relationship  between  the  known 
time  delay  and  the  displacement  of  the  beam  profile. 


perpendicular  to  the  plane  of  incidence,  and  both  beams  are 
ordinary  rays  in  the  BaTiOj  crystal.  (Although  this  choice 
of  polarization  has  the  drawback  of  reducing  the  overall  two- 
beam  coupling  gain  of  the  probe  beam,  it  has  the  advantage 
^  of  minimizing  two-beam  se(/'-coupling  between  the  various 
.  angular  components  of  the  probe  beam. )  An/=  25  cm  lens 

-  focuses  light  from  the  diffraction  grating  into  the  BaTiO, 
i:  crystal,  which  is  placed  one  focal  length  from  the  lens.  The 
.  diffraction  grating  is  5. 8  cm  square  with  1800  lines/mm.  The 

:  focused  probe  beam  has  a  full  cone  angle  of  12*  outside  the 
crystal.  The  unfocused  reference  beam  (intensity  full  width 

-  at  half  maximum  =  1.7  mm)  and  the  probe  beam  are  sym¬ 
metrically  incident  on  the  crystal  at  exterior  angles  of  ±  19*. 
The  BaTiO,  crystal  is  oriented  with  its  c  axis  parallel  to  the 
wave  vector  of  the  photorefractive  hologram,  with  the  crys¬ 
tal’s  positive  c-axis  direction  chosen  to  amplify  the  probe 
beam.  With  this  geometry  the  maximum  intensity  gain  of  the 
probe  beam  is  2-S,  depending  on  which  BaTiO,  crystal  we 
use.  Depletion  of  the  reference  beam  was  minimized  by  using 
a  weak  probe  beam  (power  =  3/iW).  We  prevent  scattered 
light  from  striking  the  detector  array  by  inserting  slits  and 
apertures  in  both  the  reference  and  the  probe  beams.  We 
reduce  speckle  noiM  by  inserting  a  rotating  plastic  difliiser 
between  the  crystxd  and  the  detector  array,  and  then  imaging 
the  diffuser  onto  the  array.  Some  of  our  BaTiO,  crystals 
have  dark  storage  times  of  over  an  hour,  so  in  principle  we 
can  iritegrate  laser  pulses  for  that  length  of  time,  if  desired. 
However,  in  practice  the  useful  integration  time  is  limited  to 
ho  more  than  a  few  minutes,  due  to  slow  drifts  in  the  position 
of  Um  rnirron  on  the  optical  table. 

^  x  If  the  diffraction  jgrating  were  replaced  by  a'mitrof,  so 
that  pordoii  i  of  the  probe  beam  h^  the  iaW  d&y  r 
;.  rntJ^retpert,  to  the  r^eretiM '  6eaiih  "then  the'^  intmsity. 
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7^1  (x)  of  the  amplified  probe  after  two-wave  mixing  in  a 
crystal  of  length  L  would  be” 

[/oo.  M  -  L  U)]//.  w  =  ICCrll-Ie”-  -  -  1  ].  ( I ) 

where  C(  r)  is  the  normalized  electric  field  autocorrelation 
function  of  the  incident  beam,  F  is  the  intensity  two-wave 
mixing  gain  per  cm  for  the  case  of  perfectly  coherent  cw  light 
beams,  and  a  is  the  intensity  absorption  coefficient.  How¬ 
ever,  unlike  a  mirror,  the  diffraction  grating  encodes  differ¬ 
ent  time  delays  r  on  each  portion  x  of  the  probe  beam  accord¬ 
ing  to 

r(x)  =  x(sin  9,„  —  sin  )/c  cos  ,  (2) 

where  x  is  the  transverse  distance  across  the  diffracted  probe 
beam,  c  is  the  speed  of  light  in  air,  is  the  angle  between  the 
incident  beam  and  the  grating  normal,  and  0^,  is  the  angle 
between  the  diffracted  beam  and  the  grating  normal.  At 
grazing  incidence  =  90*  and  0^,  =  0*,  so  that  Eq.  (2) 
simplifies  to  r(x )  =  x/c.  The  maximum  delay  t  is  limited  by 
the  size  of  the  diffraction  grating,  and  was  ~  190  ps  with  our 
5.8-cm-wide  grating. 

Equation  ( 1 )  requires  a  measurement  of  the  incident 
probe  beam  profile  (x)  at  the  entrance  of  the  crystal.  In 
practice  if  is  simpler  to  measure  the  transmitted  probe  beam 
after  the  crystal  but  in  the  absence  of  any  two-beam  cou¬ 
pling,  /^.coupling  (.x),  by  blocking  the  reference  beam.  Equa¬ 
tion  ( I )  becomes 

/^,  (X)  -  /n„«,.pun,(jcy  ^  \c(T)me''‘-  -  e°‘-  ]  1. 

fnooowpJinf  (^) 

(3) 

This  equation  includes  the  effects  of  Fresnel  reflections 
at  the  crystal  faces,  which  happen  to  cancel  out  nicely.  Note 
that  in  the  a^nce  of  linear  absorption  a,  Eq.  (3)  becomes 
identical  to  Eq.  ( 1 ).  For  the  case  of  coherent  cw  illumina¬ 
tion,  |(7|  =  1,  and  Eq.  (3)  reverts  to  the  usual  expression 
describing  photorefractive  gain. 

We  tested  pur  device  by  measuring  the  average  coher¬ 
ence  length  of  the  frequency-doubled  (A  =  532  nm)  pulses 
from  a  mode-locked  cw  Nd:YAG  laser  (Coherent  Antares 
76-s ) .  This  laser  is  actively  mode  locked  and  emits  pulses  at  a 
rate  of  76  MHz.  Figure  3  shows  the  relative  gain  [defined  as 
the  left-hand  side  of  Eq.  (3)  ]  across  the  probe  beam  for  a 
series  of  ~  10*  laser  pulses  (i.e.,  we  averaged  for  ~  I  s).  The 
solid  line  is  a  least-squares  fit  of  Eq.  ( 3 )  obtained  by  varying 
three  parameters:  the  maximum  two-beam  coupling  gain  F 
of  the  crystal,  a  vertical  offset  related  to  absorption,  and  the 
coherence  time  r,  of  the  incident  laser  pulse.  Here  we  as¬ 
sume  that  the  laser  pulses  are  Gausuan  in  time,  and  we  take 
the  coherence  time  r,  to  be  the  half  width  at  half  maximum 
of  the  electric  field  autocorrelation  function.'**  From  this  fit 
. ,  we  obtain  a  value  of  48  ps.  However,  we  found  that  r, 

could  drift  slowly  wi^  time  by 8  ps  over  30  min,  which  we 
attribute  to  a  mode-locking  instability  of  our  laser. .  ^  . 

in  order  to  test  Eq.’  (3),  we  tried  uring  two  different 
single-domaiit  cryst^  of  BaTiO, .  having  dissimilar  two- 
,beam  coupling  gain  ooefi^entt  F.  We  obtained,  the  same 
value  fojt  the  average,  <»herence,  length  of  our  laser  pubes, 
.  !.witlun,experimental  error,  using  eithtf  crystaL(.Wq  al^.in- 
,^spectM  our  laser  pulses  with  a  I/4-in.-thick  sbUd  ghiss 
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FIG.  }■  Plot  of  the  relative  intensity  gain  across  the  probe  beam  Each  por¬ 
tion  of  the  beam  eapehences  a  different  gain  because  it  has  been  delayed  by  a 
different  amount  of  time  relative  to  the  reference  beam  The  honzontal  axis 
shows  the  relative  delay  of  each  portion  of  the  probe  beam.  The  solid  line  isa 
best  fit  to  Eq.  (3),  and  yields  a  coherence  time  of  r,  =  48  ps. 


Fabry-Perot  etalon;  the  appearance  of  the  ring  pattern  was 
consistent  with  the  coherence  length  measured  by  our  two- 
beam  coupling  technique.  However,  the  Fabry-Perot  also 
revealed  that  the  center  frequency  of  the  laser  jittered  on  the 
time  scale  of  a  few  seconds,  possibly  due  to  thermally  in¬ 
duced  fluctuations  in  the  laser's  efliective  cavity  length. 

What  is  the  resolution  limit  of  this  device?  Dispersion  of 
the  grating  will  cause  spatial  broadening  of  the  measured 
output  beam  profile  (jc).”  For  the  geometry  and  coher¬ 
ence  times  used  here,  this  broadening  is  negligible,  but  it 
places  a  lower  limit  of  0. 1  ps  on  the  shortest  pulse  we  can 
measure.  Also,  the  finite  crossing  angle  of  the  two  beams  will 
cause  a  broadening  of  the  output  beam  profile.  The  worst 
case  would  be  for  a  crossing  angle  of  90*,  which  would  cause 
a  smearing  in  time  equal  to  the  time  it  takes  light  to  traverse 
the  wider  of  the  two  beams  in  the  crystal.  In  our  experiments, 
we  estimate  this  smearing  to  be  ~  1  ps.  Our  calculations 
indicate  that  the  effect  of  a  finite  recombination  time  of  the 
photorefractive  crystal  is  to  alter  the  overall  two-beam  cou¬ 
pling  gain  coefficient,  but  without  altering  the  shape  of  the 
output  profile  of  the  amplified  beam. 


In  summary,  we  have  demonstrated  a  simple  method  for 
measuring  the  coherence  length  of  a  pulsed  laser,  and  espe¬ 
cially  for  a  laser  that  produces  a  train  of  very  weak  optical 
pulses.  This  technique  does  not  require  phase  matching,  is 
simple  to  align,  and  can  be  used  over  the  entire  visible  and 
near-infrared  regions  of  the  spectrum.  The  spectral  response 
of  our  BaTiO,  co’stals  extends  only  to  the  near  infrared,  and 
so  is  too  small  to  be  useful  at  1.06  /ita  Nd;YAG  laser  wave¬ 
length.  We  are  pursuing  the  use  of  other  photorefractive 
crystals  to  extend  this  pulse-measuring  technique  further 
into  the  infrared. 
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We  describe  how  optical  beams  from  a  mode-locked  laser  will  couple  in  a  photorefractive  crystal.  We  show  that 
the  two-beam-coupiing  gain  coefficient  is  proportional  to  the  square  of  the  electric  field  correlation  of  the  in¬ 
coming  light  pulses.  Consequently  we  show  that  two-beam-coupling  experiments  can  measure  the  average  co¬ 
herence  length  of  mode-locked  laser  pulses.  We  also  describe  how  the  temporal  envelopes  of  the  mode-locked 
optical  pulses  distort  as  they  couple  and  propagate  through  the  photorefractive  crystal,  and  we  give  examples  of 
how  pulses  can  be  shaped  by  using  photorefractive  coupling. 


1.  INTRODUCTION 

The  strong  coupling  between  optical  beams  in  a  pho¬ 
torefractive  crystal  has  been  extensively  studied  for 
continuous-wave  optical  beams'  and  for  single,  short, 
high-irradiance  optical  pulses.***  Here  we  consider  the 
coupling  between  trains  of  mode-locked  pulses  in  a  photo¬ 
refractive  crystal.  We  are  especially  interested  in  photo¬ 
refractive  crystals  that  have  a  long  dark-storage  time, 
which  permits  the  light-induced  changes  caused  by  suc¬ 
cessive  optical  pulses  to  accumulate  in  the  crystal.  We 
consider  the  case  in  which  each  optical  pulse  is  quite  weak, 
so  that  it  takes  a  large  number  of  pulses  (>10®)  to  build  up 
a  quasi-steady-state  refractive-index  grating  in  the  crys¬ 
tal,  We  derive  the  time-averaged  response  of  the  crystal 
to  these  pulses.  We  show  that,  once  formed,  the  photo¬ 
refractive  grating  can  alter  the  temporal  shape  of  the 
laser  pulses  as  they  traverse  the  crystal.  We  also  show 
that  a  photorefractive  crystal  can  be  used  to  measure  the 
average  coherence  length  of  a  train  of  mode-locked  laser 
pulses,  as  was  recently  demonstrated  in  experiments  by 
Johnson  et  and  Dominic  et  al.‘ 

2.  SPACE-CHARGE  ELECTRIC  FIELD 

Consider  an  infinite  and  periodic  train  of  laser  pulses, 
such  as  from  a  cw-pumped  mode-locked  laser.  Let  two 
such  pulse  trains  intersect  in  a  photorefractive  crystal.  If 
in  some  region  of  the  crystal  the  two  beams  are  coherent 
(and  so  produce  an  intensity-interference  pattern  there), 
then  charge  carriers  in  the  crystal  will  be  rearranged  by 
the  pattern  of  bright  and  dark  fringes.  The  migration  of 
these  charge  carriers  causes  a  space-charge  field  £„(r,  t) 
to  grow  and  eventually  reach  a  quasi-equilibrium.  Sup¬ 
pose  that  the  energy  of  each  pulse  is  small,  so  that  many 
pulses  are  required  in  order  to  reach  the  steady  state. 
Then,  once  reaches  its  quasi-equilibrium  value,  each 
subsequent  laser  pulse  causes  to  make  only  small  ex¬ 
cursions  that  always  return  it  to  its  initial  value,  as  we 
show  below. 
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The  time  dependence  of  this  space-charge  field  is  gov- 
ernned  by  a  first-order  differential  equation,  as  derived  by 
Strohkendl  et  al.^  for  the  case  of  constant  incident  inten¬ 
sity.  However,  the  same  equation  holds  even  if  the  inten¬ 
sity  is  changing  in  time,  as  long  as  the  peak  intensity  is 
weak  enough  to  satisfy  the  restriction  of  Eq.  (8)  of  Ref.  9. 
For  the  case  in  which  the  recombination  rate  of  free  carri¬ 
ers  is  much  shorter  than  the  pulse  duration,  the  space- 
charge  field  evolves  according  to 

— -  +  aloWExlr-t)  =  ibEiir.DEi'irj) .  (1) 

dt 

where  E^  is  the  magnitude  of  the  (quasi-dc)  space-charge 
field,  Ei{r,t)  and  Ej’lr,  t)  are  the  slowly  varying  complex 
optical-field  envelopes,  and  /o(t)  =  iE,(r,t)l‘  +  iE2(r,t)i' 
is  proportional  to  the  total  intensity.  [Note  that,  in  the 
absence  of  absorption,  energy  conservation  requires  the 
intensity  to  be  a  constant  in  space,  which  is  why  /o(t)  has 
no  spatial  dependence.]  The  quantities  a  and  b  are  com¬ 
plicated  functions  of  material  parameters  and  beam  ge¬ 
ometry  but  not  of  the  optical  intensities.® 

Equation  (1)  indicates  that  the  space-charge  field  is 
driven  by  the  interft  rence  term  Ei(r,  t)E2*(r,  t)  and  is 
erased  by  the  uniform  intensity  lo-  If  many  pulses  are 
required  in  order  to  reach  steady  state,  then  no  one  pulse 
can  change  E^  by  a  large  amount,  and  E^  will  reach  a 
quasi-steady-state  value  that  is  determined  by  the  balance 
of  the  driving  and  erasing  terms.  Equation  (1)  holds 
when  the  free-carrier  recombination  time  is  much  less 
than  the  duration  of  a  single  mode-locked  laser  pulse,  so 
that  the  free-carrier  density  created  by  light  in  the  pho¬ 
torefractive  material  closely  follows  any  variation  of  the 
light  intensity  with  time.  If  this  is  not  the  case,  the  situ¬ 
ation  becomes  more  complicated,  for  we  must  then  couple 
Elq.  (1)  to  another  differential  equation  that  describes  the 
time  evolution  of  the  free-carrier  density.  We  discuss 
this  case  at  the  end  of  this  section. 

Because  in  general  the  incoming  laser  pulses  are  not 
identical,  we  must  average  over  the  ensemble  of  possible 
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pulse?.  The  laser  pulses  may  fluctuate  both  in  amplitude 
and  in  phase.  We  choose  to  model  the  pulses  a«  having 
identical  amplitudes  but  randomly  varying  phases.  To 
our  knowledge  there  is  no  satisfactory  statistical  descrip¬ 
tion  of  phase  fluctuations  of  mode-locked  laser  pulses,  so 
we  will  not  specify  the  statistics  of  the  phase  fluctuations; 
instead,  we  simply  characterize  the  optical  electric  field  of 
the  pulses  by  a  parameter  r,,  which  specifies  the  charac¬ 
teristic  length  of  time  laveraged  over  many  pulses)  during 
which  the  optical  electric  fields  evolve  sinusoidally  in  time 
without  interruption.  (.■\n  analogy  may  be  an  electron 
drifting  freely  through  a  solid,  with  some  average  time  be¬ 
tween  collisions.! 

Using  our  amplitude-stabilized  pulses,  \.e  take  the 
ensemble  average  of  Eq.  (1): 

f'E  -i  r,  t )  -  - 

- - - a/.jl.'ijEscir,  n  =  ii£';(r,  r)£2*(r,  n.  (2) 

where  the  overbar  denotes  an  ensemble  average."*  For  the 
case  of  cw  illumination,  Eq.  (2)  can  be  solved  by  a  steady- 
state  space-charge  field  £„  that  is  proportional  to  the 
modulation  of  the  intensity  interference  pattern.'*  For 
the  case  of  pulsed  illumination,  we  expect  the  equilibrium 
value  of  the  space-charge  field  to  depend  in  a  similar  man¬ 
ner  also  on  the  modulation  of  the  optical  intensity  and 
therefore  on  the  relative  coherence  of  the  two  optical 
pulses  at  the  '■rystal.  We  postulate  that  the  steady-state 
sc'ution  of  Eq.  (2)  is 

—  lb  {Ei(r,  t}E2*{r,  t)) 

where  the  the  notation  ()  denotes  an  average  over  time  T: 
1 

(Fit))  =  —  F(r)dr.  (4a) 

I  J-Tl 

Note  that,  if  the  interfering  beams  are  cw,  then  the  time 
averages  in  Eq.  (3)  may  be  dropped,  and  we  obtain  the 
usual  dependence  of  the  steady-state  space-charge  field  on 
the  modulation  of  the  intensity-interface  pattern."  For 
periodic  optical  pulses,  the  postulated  dependence  of 
Eq.  (3)  may  be  viewed  as  the  dc  term  in  a  temporal  Fourier 
expansion  of  E^.  We  show  below  that  this  dc  term  is  by 
far  the  largest  term  (by  a  factor  of  10®)  in  the  expansion, 
again  because  many  pulses  are  required  in  order  to  reach 
the  quasi-equilibrium,  so  that  no  one  pulse  can  push 
far  from  its  equilibrium  value. 

Using  the  notation  of  Trebino  et  al.  '^  we  can  express  the 
electric-field  envelope  of  the  optical  pulses  as 

£i(r,0  =  Ai(r,Oui(r,t),  (4bi 

E2(r,t)  =  Aiir.t  -  Tj)u2{r,t  -  rj),  (4c) 

where  in  Eqs.  (4)  the  functions  Ai(r, .  -  and  A2(r,  f)  are  the 
deterministic  amplitude  of  the  pulses  of  beams  1  and  2, 
respectively.  The  functions  Ui(r,  e)  and  u  j(r,  ()  are  statis¬ 
tical  factors  that  contain  information  about  the  phase 
fluctuations  of  the  two  beams;  both  of  these  functions  are 
normalized  to  unity;  |ui|  =  IujI  =  1.  For  convenience 
we  have  defined  beam  2  with  a  built-in  delay  time  t^,  be¬ 
cause  in  practice  the  two  interfering  optical  beams  are 
usually  derived  by  splitting  one  single  beam  into  two  and 


Vao  c?  c 

then  delaying  one  beam  with  respect  to  the  other  by  a 
time  7j.  Using  this  notation,  we  may  rewrite  the  numera¬ 
tor  of  Eq  (3)  ,is 

G(7ai  s  £;(r.  tiEj'ir.  t)) 

=  ■-■tilr,  i).42*(r,  r  -  rd)ui(r,t)U2‘ir.  t  -  r^i)}.  i5i 

When  tne  phase  fluctuations  are  governed  by  jointly 
wide-sense  stationary  statistics,'^  so  that  the  quantity 
Ui(r.l)U2’ir,t  -  Tj)  is  independent  of  time,*^  we  express 
Eq.  (5)  as 

0(7.)  =  (Ai(r,i)A2*(r.t  -  7,;-)', ,  -’(7^) ,  -6! 

where  y  ’  (7,;)  is  the  second-order  coherence  function, 
which  depends  on  the  relative  delay  7^  between  the  two 
pulses  (and  implicitly  on  the  parameter  the  average 
phase-coherence  time  of  a  pulse): 

y  ^'(r^)  =  Ui(r.t)u2’{r,t  -  7-).  i7) 

Substituting  Eq.  (7)  into  Eq.  (3)  yields 

if)  (Ai(r,r)A2*(r.t  -  7a))y ‘  (7;,) 

= - } - iSl 

a  lo 

In  order  to  verify  our  guess  that  Eq.  (8)  is  indeed  the 
quasi-steady-state  solution  for  the  space-charge  field,  we 
numericaUy  integrated  Eq.  (1)  for  the  case  of  a  periodic 
train  of  pulses,  with  the  amplitude  of  each  pulse  taken  to 
be  Gaussian  in  time.  At  first  we  assumed  that  each  pulse 
was  transform  limited.  Using  a  fourth-order  Runge-Kutta 
method,  we  computed  how  E^  changed  during  each  light 
pulse.  Figures  1  and  2  show  the  deviat'on  of  E^  from  the 
steady-state  value  predicted  by  Eq.  (8).  In  Fig.  1(a)  we  set 
the  relative  delay  between  the  two  writing  beams  (one 
strong  and  the  other  weak)  to  be  =  -30  psec  (so  that  the 
strong  beam  arrives  before  the  weak  ueam).  In  Fig.  1(b) 
the  space-charge  field  is  seen  first  to  decay  and  ther  to 
grow  during  each  laser  pulse  but  always  to  return  to  its 
initial  value.  Figure  2  shows  the  result  for  7^  =  +70  psec 
(where  now  the  strong  beam  arrives  after  the  weak  beam). 
Here  each  laser  pulse  causes  the  space-charge  field  first  to 
decay  (slightly)  when  the  weak  beam  arrives,  then  to  grow, 
and  then  to  decay  back  to  its  steady-state  value.  Note 
that  the  vertical  scale  in  Figs.  1(b)  and  2(b)  is  in  parts  in 
10®;  the  maximum  excursion  of  the  space-charge  field 
from  its  steady-state  value  (which  it  maintains  between 
laser  pulses)  is  quite  small.  When  we  picked  a  value  for 
Ek  that  was  too  small,  we  found  that  after  the  next  light 
pulse  Ek  would  be  left  at  a  slightly  larger  value  than  when 
it  started,  until  after  many  light  pulses  it  attained  the 
steady-state  value  specified  by  Eq.  ,8).  Similarly,  when 
we  initially  picked  E^  too  large,  then  the  next  light  pulse 
would  leave  it  slightly  smaller.  Only  with  the  value  of  E^ 
given  by  Eq.  (8)  would  each  light  pulse  cause  the  space- 
charge  field  to  return  to  exactly  the  same  value  that  it  had 
before  the  light  pulse. 

To  generate  Figs.  1  and  2,  we  used  n  aterial  parameters 
that  are  typical  for  photorefractive  BaTiOj  and  optical 
beams  with  average  beam  intensities  of  tens  of  milliwatts 
per  square  millimeter  and  pulse  durations  of  70  psec  (in¬ 
tensity  FWHM).  For  this  calculation  we  assumed  that 
(a)  the  dark  decay  rate  is  much  less  than  the  pulse  repeti- 
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discuss  htnv  the  optical  beams  are  coupled  by  this  grating 
In  particular,  as  the  beams  traverse  the  crystal  their 
temporal  shapes  are  modified  by  their  coupling  with  the 
grating,  which  then  alters  the  grating,  which  then  alters 
the  beams,  which  makes  the  equations  difficult  to  solve. 
Coupled-wave  treatments'  of  this  problem  usually  ignore 
any  variation  in  the  temporal  envelopes  of  the  pulses  as 
they  propagate  through  the  crystal.  Here  we  include 
these  variations. 

To  derive  the  coupled-wave  equations,  we  consider  a  ma¬ 
terial  with  no  free  currents.  Maxwell's  equations  then 
yield 


at 


Time  (picoseconds) 

Fig,  1.  la)  .A  strong  optical  beam  leads  a  weak  beam  by  30  psec. 
bi  While  these  optical  pulses  are  present  in  the  crystal,  the 
space-charge  field  momentarily  deviates  from  its  steady-state 
value:  It  initially  decays  and  then  recovers. 

tion  rate,  (hi  the  average  modulation  of  the  photorefrac- 
tive  grating  is  much  less  than  unity,  (c)  there  are  no 
shallow  traps,  id)  there  is  no  spatially  uniform  dc  electric 
field  in  the  crystal,  I'e)  the  spatially  periodic  free-carrier 
number  density  is  much  less  than  the  spatially  periodic 
deep-trap  number  density,’  (f)  and  the  recombination 
time  of  charges  in  the  band  is  much  less  than  the  duration 
of  each  laser  pulse. 

We  also  considered  the  case  in  which  the  opticcd  pulses 
have  phases  that  vary  randomly  in  time,  and  we  found 
that  the  quasi-steady-state  space-charge  field  is  still  given 
by  the  correlation  of  the  two  optical  fields,  as  predicted  by 
Eq.  (8).  Encouraged  by  these  results,  we  then  tried  relax¬ 
ing  condition  (f)  above  by  making  the  recombination  time 
longer  than  the  pulse  duration  by  factors  ranging  from  1 
to  140  (while  keeping  constant  the  product  of  mobility  and 
recombination  time).  We  found  that  the  space-charge 
field  still  attained  the  value  given  by  Eq.  (8)  to  within 
1  pui  I  in  10  . 


where  ‘Hr.  t)  is  the  total  real  optical  electric  field  in  the 
material  and  3(r. /)  is  the  corresponding  real  displace¬ 
ment  vector.  In  Eq.  (9)  we  ignore  the  term  r(V  -  ‘g).'*’ 
Now  let  the  total  optical  field  comprise  two  light  beams 
with  the  same  nominal  frequency  wo,  respective  complex 
electric  fields  E\  and  E2.  wave  vectors  ki  and  ko,  and  ei- 
genpolarizations  ei  and  Cj  in  the  crystal.  The  total  optical 
electric  field  and  displacement  vectors  are 

’Hr.t)  =  Re{[eiE,(r,  t)exp(iki  •  r) 

+  Oexplikj  •  r)]exp(-iajon},  (10) 


Time  (picoseconds) 


3.  COUPLED-WAVE  EQUATIONS 

As  discussed  in  Section  2,  the  interference  of  two  weak, 
infinite  trains  of  optical  pulses  eventually  produces  a 
quasi-steady-state  space-charge  field  in  a  photorefractive 
crystal.  This  electric  field  alters  the  refractive  index  of 
the  crystal;  it  creates  a  refractive-index  grating.  Here  we 


Time  (picoseconds) 

Fig.  2,  (a)  A  strong  optical  beam  follows  a  weak  beam  by  70  psec. 
(b)  While  these  pulses  are  present,  the  space-charge  field  grows 
and  then  decays,  but  it  never  deviates  by  even  1  part  in  10'  from 
its  steady-state  value. 
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&(r,M  =  Re-|[D:ir.  liexpiik;  •  ri 

*  D.ir, nexpukj  •  rtjexpi-im 
D.ir.M  =  f.jf  (D  ■  t'.f  (r,  ri,  /  =  1.2. 


and  with  time: 


111) 

1  *  e.E,) 

«  UJ 

n(  V  •  t’  £  1 

(12) 

ht 

I  ITai 


In  Eqs.  (lOl-i  12),  is  the  permittivity  of  free  space.  ?.(r) 
is  the  relative  dielectric  tensor  of  the  medium,  and  D,(r,  fl 
and  C\E,ir.t)  are  the  slowly  varying  envelopes  of  the  dis¬ 
placement  and  the  electric-field  vectors  at  the  optical  fre¬ 
quency  Wo-  Note  that  Eq.  (121  ignores  any  material 
dispersion.  For  laser  pulses  that  are  picoseconds  or 
longer,  this  approximation  is  justified  by  the  short  length 
of  typical  photorefractive  crystals.  For  example,  a  2-mm 
sample  of  barium  titanate  would  require  a  pulse  duration 
of  less  than  100  fsec  before  group-velocity  dispersion 
would  become  noticeable. 

The  interference  pattern  of  the  two  light  beams  will 
have  a  periodicity  costk,  •  ri,  where  k^  =  ki  -  k,.  The 
dielectric  tensor  of  the  crystal  will  be  altered  by  the  light 
pattern  at  the  same  spatial  frequency  k,.; 


'■'(Af.  •  e.E,) 


«  u)  Af,  •  e  E,  . 


(lTb( 


We  assume  that  the  perturbation  of  the  dielectric  tensor  is 
small: 


Afr  «  Sr.  (18) 

and  that  all  the  frequency  components  of  the  laser  pulses 
are  perfectly  Bragg  matched  to  the  grating.  We  also  as¬ 
sume  that  these  frequency  components  all  write  the  same 
grating.  (For  a  millimeter-sized  grating,  this  implies  a 
minimum  laser  pulse  wi  'h  of  a  few  tens  of  picoseconds.) 


4.  PHOTOREFRACTIVE  GR.VTING 


fir)  =  f.  -r  Re[Afr  •  exp(ik^  •  r)],  (13) 

where  f.  is  the  crystal’s  average  dielectric  tensor.  The 
spatially  periodic  part  of  the  dielectric  tensor  RefAr,  • 
expiikj  •  r  )]  will  couple  the  two  optical  waves.  Substitut¬ 
ing  Eqs.  (10)-(13)  into  Eq.  (9)  yields  equations  that  couple 
the  slowly  varying  electric-field  envelopes  E\  and  E2  of  the 
two  optical  beams: 


f  A  ,  li 

I  liZ  V  Vt 


10) 


4n.c  cos  9 


0  19. 

—  -  -  —  £2(^,0 

CZ  V  nt 


Iw 

■in-,c  cos  d 


(Cl*  ■  Ae,  •  ejlfijfz.t), 
(14a) 


(ej*  •  Afr*  •  ei)£i(z, t). 


(14b) 


In  Eqs.  (14),  z  is  the  distance  along  the  bisector  of  ki  and 
k2  in  the  crystal,  8  is  the  half-angle  between  ki  and  k2, 
and  f  is  defined  as 


V  =  {c/n)cos  8.  (15) 

For  cw  beams  the  time  derivatives  in  the  coupled-wave 
equations  (14)  are  zero,  but  for  pulsed  laser  beams  these 
time  derivatives  must  be  included.  Smirl  et  al.'^  included 
these  time  derivatives  in  their  analysis  of  beam  coupling  in 
photorefractive  crystals  with  single-shot,  high-irradiance 
laser  pulses.  However,  they  did  not  discuss  the  evolution 
of  the  laser  pulses’  temporal  shapes,  and  with  good  reason: 
in  the  case  that  they  considered,  the  energy  coupling  be¬ 
tween  the  two  beams  was  so  small  that  its  effect  on  the 
temporal  shape  of  the  laser  pulses  could  safely  be  ne¬ 
glected.  Here  the  energy  coupling  between  the  beams 
can  be  quite  strong,  and  it  can  drastically  alter  the  tempo¬ 
ral  shapes  of  the  light  pulses.  We  discuss  such  pulse  shap¬ 
ing  in  Section  6. 

In  deriving  the  coupled-wave  equations  (14),  we  made 
the  following  assumptions:  The  optical  electric-field  en¬ 
velope  changes  slowly  with  distance: 


d^E. 

dE. 

«  k, 

— 

9z’ 

rtZ 

The  space-charge  field  E^^  of  Eq.  (8)  will  induce  a  change  in 
the  dielectric  tensor  by  the  electro-optic  (Pockels)  effect  ': 

A  f ,  =  -  f,  •  ( R  •  Aj)  •  f , ,  (19) 

where  R  is  the  electro-optic  tensor  of  the  crystal. 
Equation  (19)  ignores  any  contribution  of  Ac,  from  elec¬ 
trons  in  the  conduction  band,  i.e.,  the  free-electron 
grating.^'*  Because  this  transient  grating  disappears  in 
the  time  between  each  laser  pulse,  at  the  intensities  used 
in  our  calculations  the  free-carrier  grating  will  be  negligi¬ 
ble  compared  with  the  steady-state  photorefractive  grat¬ 
ing,  which  accumulates  over  many  laser  pulses.  For 
example,  even  with  a  pulse  energy  as  large  as  6  mJ/cm^, 
the  peak  diffraction  efficiency  of  just  the  transient  free- 
carrier  grating  in  BaTiOs  is  only  10‘^,’  which  is  200  times 
smaller  than  the  steady-state  diffraction  efficiency  with 
cw  beams  in  the  same  geometry.  Because  the  diffraction 
efficiency  from  a  free-carrier  grating  depends  quadrati- 
cally  on  the  fluence  of  the  writing  pulses,’  with  a  cw  mode- 
locked  laser  having  a  fluence  of  microjoules  per  square 
centimeter,  the  diffraction  efficiency  from  the  free- 
carrier  grating  will  be  on  the  order  of  10'*,  which  can  cer¬ 
tainly  be  ignored.  Note  that  any  contribution  to  r,  from 
an  absorption  grating'*''*  can  be  included  in  our  coupled- 
wave  equations  by  changing  the  overall  two-beam¬ 
coupling  gain  coefficient. 

Substituting  Eqs.  (8)  and  (19)  into  the  coupled-wave 
equations  (14)  yields 

+  —  ■^]£i(z,t)  =  EiizJ),  (20a) 

\dz  V  dt  I  to 

(  f  ^  )£2(z.  0  =  -  t,2,*  91^  (20b) 

\  dz  V  dt  I  to 


where,  with  plane  waves  incident  upon  the  crystal,  the 
field  correlation  function  G  defined  in  Eq.  (5)  is  now  per¬ 
mitted  to  vary  only  along  the  z  direction.  In  Eqs.  (20a) 
and  (20b)  the  coupling  constants  17^  are 


1713  - 


(1) 


f  r  •  (R  •  *,)  •  f  r  •  Cs]  , 


(21a) 


4niC  cos  B  a 
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An  .c  cos  d  a 


;[fj*  •  (fr  •  (R  •  ^,1  ■  f-l*  •  e;].  (21b' 


We  combine  Eqs.  (20),  perform  an  ensemble  average  over 
many  pulses,  and  average  over  the  time  T  between  optical 
pulses; 


d(i£l(C.  /);-•' 
fic 

d{'E2{Z.t)  ■' 

CZ 

nGiz,-j) 


-2 


\G{Z.r,)- 


-2  Re(n:i)- 


/o 


Gjz.r^) 

lo 


iV-d'E^r)  -  77;;v£i|-)). 


(22al 

(22bi 

(22c) 


propacaticn.  a.-  we  .-how  bt  inw.  It  is  convenient  to  sepa¬ 
rate  the  incident,  deterministic  optical-field  envelopes 
.4,(0./:  into  a  real  amplitude  and  a  normalized  complex 
temporal  profile  7  iti  [so  that  the  peak  value  of  J,it)  is 
unity]: 


.4,(0./)  =  £,:>CI,(/).  1  =  1,2.  (27 1 

This  permits  us  to  define  the  normalized  field  correlation 
function  rirj): 


Hrj) 


<o,(/)a2*(/  -  7^1)  2 


Then  substitution  into  Eq.  (25)  yields 


(28) 


In  deriving  Eqs.  (22)  we  eliminate  the  time  derivatives  by 
using  the  fact  that 


(igilz,/);-)  -  (  £,(0,01^) 

(;£i(0,/)|-> 


=  [exp(g..:z)  -  IjiriTdli^ 


(29) 


i23, 

for  any  function  F  that  has  a  period  T. 

If  the  time-averaged  intensity  of  beam  1  is  much  less 
than  that  of  beam  2,  ((igii^)  «  (,Eji‘)),  then  the  intensity 
of  the  strong  beam  remains  constant  over  the  interaction 
length  ((,£2]^)  a  /o),  and  the  above  equations  have  the 
simple  solutions: 


G(z,7i)  =  G(0,7j)exp(T)i2z),  (24) 


{,£,(z,/)i^)  -  (;£,(0,/)|2)  = 


iG(0,r,i)|^exp[(gi2z)  -  1] 
lo 


'  (25) 


where  the  gain  coefficient  is  defined  as 


Equation  (29)  is  the  central  result  of  our  theory;  it  shows 
that  after  the  weak  beam  has  traversed  a  distance  z  in  the 
crystal,  its  intensity  gain  depends  on  the  magnitude 
squared  of  the  normalized  electric-field  correlation  func¬ 
tion  r(7a).  For  a  given  time  delay  r^,  the  function  nr^)  is 
a  measure  of  the  fringe  visibility  of  the  interfering  optical 
beams.  Note  that,  for  the  case  of  cw  light  beams  having 
infinite  coherence  time.  ;r(7a)|  becomes  unity,  and  the  in¬ 
tensity  of  the  weak  wave  grows  exponentially  with  dis¬ 
tance,  as  expected'; 

(]£i(z,/)|''>  =  (|£!(0,/)r)exp(^i2z).  (30) 

5.  MEASURING  COHERENCE  OF  LIGHT 
PULSE 


gi2  3  2  Refrjn).  (26) 

Equation  (25)  states  that  the  average  intensity  gain  of 
the  weak  beam  is  proportional  to  the  magnitude  squared 
of  the  correlation  function  of  the  two  incident  beams. 
One  factor  of  the  correlation  function  appears  because  the 
two  beams  must  first  interfere  to  create  the  refractive- 
index  grating;  the  second  factor  appears  because  each 
beam,  after  diffraction  off  the  grating,  interferes  with  the 
transmitted  fraction  of  the  other  beam.  Our  result  is  an 
interesting  contrast  to  that  of  Trebino  et  who  ana¬ 
lyzed  the  interaction  of  two  beams  in  a  rapidly  responding 
absorptive  medium. In  that  case  the  grating  was 
newly  formed  by  each  laser  pulse  and  decayed  to  zero  be¬ 
tween  pulses.  Consequently  the  average  intensity  of 
their  diffracted  beam  was  proportional  to  the  fourth-order 
coherence  function  of  the  two  interacting  beams.  In  con¬ 
trast,  in  our  case  the  grating  in  the  photorefractive  crystal 
is  formed  by  a  large  number  of  pulses  and  reaches  a  steady 
state.  The  early  pulses  create  the  grating;  the  later 
pulses  diffract  off  the  grating.  Consequently,  the  inten¬ 
sity  of  the  transmitted  beam  is  proportional  to  the  product 
of  two  second-order  coherence  functions  and  not  to  the 
fourth-order  coherence  function. 

Equation  (25)  also  shows  that  the  average  intensity  of 
the  weak  beam  grows  at  a  rate  determined  by  the  electric- 
field  correlation  function  G(0,T,i)  evaluated  at  the  en¬ 
trance  face  of  the  crystal,  even  though  the  temporal 
profiles  of  the  two  beams  can  change  dramatically  during 


Now  we  show  how  a  slow  photorefractive  crystal  can  be 
used  to  measure  the  autocorrelation  of  a  fast  laser  pulse, 
as  experimentally  demonstrated  by  Johnson  et  al.^^  and 
by  Dominic  et  al.‘ 

Let  the  incident  laser  beam  be  split  into  two  beams  and 
recombined  in  a  photorefractive  crystal,  with  a  relative 
time  delay  rj  between  the  two  beams.  Measure  the  cou¬ 
pling  gain  [defined  by  Eq.  (29)]  as  a  functon  of  tj.  Ac¬ 
cording  to  Eq.  (29),  the  resulting  plot  will  be  proportional 
to  the  square  of  the  electric-field  autocorrelation  of  the 
incoming  laser  pulses. 

As  an  example,  consider  transform-limited  laser  pulses 
whose  intensity  profiles  are  Gaussian  in  time  with  a 
FWHM  of  Tp.  A  plot  of  the  measured  intensity-coupling 
gain  versus  for  these  pulses  will  be  a  Gaussian  curve 
with  a  FWHM  of  27,. 

One  can  also  consider  the  case  of  a  cw  beam  with  a  lim¬ 
ited  coherence  length,  for  example,  a  beam  with  a  Gaus¬ 
sian  power  spectrum  (and  therefore  a  Gaussian  coherence 
function,  from  the  Wiener-Khinchin  theorem): 

=  exp[-(rrfVr,“)ln  2],  (31) 

where  r,  is  the  average  phase  coherence  time.  In  that 
case  the  plot  of  beam-coupling  gain  versus  will  trace  out 
a  Gaussian  with  a  FWHM  of  27,. 

Finally,  we  consider  the  more  general  case  in  which  the 
light  is  pulsed  and  not  transform  limited.  The  electric- 
field  envelope  of  the  optical  wave  is 
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E{0.t)  =  £o  exp[(vin]exp[-2(/7  7p'iln  2],  (32) 

where  the  phase  c((l  of  the  wave  may  be  varying  randomly 
with  time.  For  this  pulse  Eq.  (28)  gives  a  coherence  func¬ 
tion  r(7d): 


where,  in  analogy  with  the  cw  case,  we  assume  that  the 
phase  correlation  is  also  Gaussian,  so  that  the  ensemble 
average  of  the  correlation  of  the  phase  functions  [as  de¬ 
scribed  in  Eq.  (7)]  is 

y  Urj)  =  exp[-(7<,Vr,^)ln  2],  (34) 

where  7,  is  the  average  phase  coherence  time.  For  this 
case  of  non-transform-limited  pulses  the  measured  gain 
will  be  a  Gaussian  function  of  the  relative  time  delay  rj 
with  a  FWHM-^  of 

FWHM  =  (35) 

{  '  P  '  s  ) 

6.  PULSE  SHAPING 

The  photcrefractivc  grating  not  only  alters  the  intensity 
of  each  beam  but  also  alters  the  temporal  shape  of  the 
pulses  as  they  traverse  the  crystal.  These  pulse-shape 
changes  are  not  limited  by  the  response  time  of  the  crystal. 

Consider  the  case  in  which  two  optical  beams  have  al¬ 
ready  built  up  a  steady-state  grating  in  the  crystal.  Each 
beam  diffracts  off  this  grating  and  interferes  with  the 
other  beam,  which  drastically  {liters  the  temporal  pulse 
shapes  of  both  beams,  as  shown  in  Fig,  3. 

To  describe  pulse  shaping  by  photorefractive  two-beam 
coupling  quantitatively,  we  use  a  Fourier  representation  of 
the  optical-pulse  envelopes  Ei  and  Ei: 


Input  Output 

Fig.  3.  Schematic  illustrating  pulse  shaping  by  two-beam  cou¬ 
pling  in  a  photorefractive  crystal.  The  square  temporal  profiles 
of  the  two  incident  pulses  are  altered  after  coupling  in  the  crys¬ 
tal.  [A  steady-state  grating  has  already  been  built  up  in  the  crys¬ 
tal.  and  each  new  light  pulse  barely  perturbs  this  grating  (see 
Figs.  1  and  2)J.  Note  that  when  the  two  pulses  overlap  in  time 
the  transmitted  field  of  pulse  2  constructively  interferes  with  the 
diffracted  field  of  pulse  1,  while  the  transmitted  field  of  pulse  1 
destructively  interferes  with  the  diffracted  field  of  pulse  2. 
When  the  two  pulses  do  not  overlap,  there  is  no  interference. 


=~  j  £..'(r.iu)e  "'do). 


In  the  frequency  domain  the  coupled-wave  equations  (20) 
become 


HFiiz.ui) 

dz 

Giz.r,) 

-  +’712  ,  £;(z,ui), 

fo 

(37ai 

dFjiz,  oj) 

dZ 

,G‘(z.r,) 

- V21  f 

*0 

(37b) 

where  for  convenience  we  have  defined 


Fi(r,iu)  =  expl - j£i(r,tu). 


£2(^,  oi)  =  exp 


(-?) 


Eziz.w). 


Equations  (37a)  and  (37b)  are  solved  using  Eq.  (24)  and 
the  boundary  conditions 


£,(0.0,)  =  £.“, 

(39a) 

^'2^0,  tu)  =  , 

f39b) 

bFiiz,oj}  G{0.rd)^f^ 

,  -  +qu  ,  £2°, 

dZ  tmO  h 

(39c) 

dF2(Z,U>)  .G*(0,7,)^„ 

-  -’721  ,  £1 

OZ  fO  *0 

(39d) 

and  then  transforming  the  solutions  £i(r,  lu)  and  F2{z,(o) 
back  into  the  time  domain.  The  resulting  solution  for  the 
electric-field  envelope  of  each  pulse  as  it  propagates  a  dis¬ 
tance  z  through  the  crystal  is  then 


COSI0(z,Tu)| 

,t  -  -^]sin|/3(r,Tj)|, 


Ei{z,t)  =  £i|o,  I  -  |cosi0(z,Tu)| 
EiizJ)  =  £2|o,  <  -  |cosI/3(z,t,j)| 

e\. 

-  0-' - r" 

ir(7u)i  \  V I 


ir(7u)i  V I  ' 

where  the  function  Piz.r^)  is  defined  as 


|3(^,7u)  =  -  1) 


sinl^(2,7u)j 


'(|g.(0.l)r)]‘ 

.(lEtlO.OP). 


r(r,i)(e’’'  -  1). 


In  Eqs.  (40)  we  have  assumed  that  the  time-averaged  in¬ 
tensity  of  beam  1  is  much  less  than  that  of  beam  2;  i.e., 

(|£i|^)  «  (IFsl*).  For  simplicity  we  have  also  assumed 
that  both  of  the  coupling  constants  rtn  and  t;2i  are  real 
and  equal,  so  that  17  =  tju  =  tj2i*.  Ffru)  is  the  normalized 
field  correlation  of  beams  1  and  2,  as  defined  in  Eq.  (28). 
Beam  1  will  either  gain  or  lose  energy  during  its  propaga¬ 
tion  through  the  crystal  according  to  whether  the  sign  of  q 
is  positive  or  negative. 
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Equations  (40i  show  that  E\(z.t]  is  a  weighted  sum  of 
the  input  fields  E,[0.  t  -  (j/V)]  and  £:[t0,  /  -  at  the 
entrance  face  of  the  crystal,  with  a  similar  expression  for 
beam  2,  The  relative  weights  in  the  sum  depend  on  the 
correlation  between  the  two  input  fields,  their  relative 
time  delay,  and  the  ratio  of  their  average  intensity.  To 
confirm  Eqs.  (40)  we  used  Eq.  (40a)  to  calculate  the  time- 
averaged  intensity  of  the  weak  beam  at  an  arbitrary  posi¬ 
tion  2,  and  we  obtained  the  same  result  as  with  Eq.  (25). 

As  an  example  of  how  two-beam  coupling  can  dramati¬ 
cally  alter  the  shape  of  an  optical  pulse,  consider  a  train  of 
short  pulses  (Eo)  and  a  train  of  somewhat  longer  pulses 
(El)  incident  upon  the  crystal.  The  short  and  the  long 
pulses  are  assumed  to  have  the  same  spectral  width.  As¬ 
sume  that  the  short  pulse  is  transform  limited  and  Gaus¬ 
sian  in  time  and  that  the  long  pulse  is  also  Gaussian  in 
time  but  is  chirped.  Let  these  two  pulse  trains  interfere 
in  a  photorefractive  crystal.  Orient  the  c  axis  of  the  crys¬ 
tal  so  that  the  longer  pulse  loses  energy  as  it  propagates 
through  the  crystal  (i.e.,  make  the  coupling  constant 


Fig.  4.  Pulse  shaping  by  using  Gaussian  pulses  with  the  same 
spectral  width.  The  peaks  of  both  beams  reach  the  entrance  face 
of  the  crystal  at  the  same  time  =  0),  but  the  duration  of 
beam  1  is  10  times  greater  than  that  of  beam  2.  (a)  The  tempo¬ 
ral  profile  of  beam  1  before  (dotted  curve)  and  after  (solid  curve) 
the  photorefractive  crystal.  Note  that  beam  2  couples  energy  out 
of  beam  1.  We  assume  an  incident  average  intensity  ratio  of 
h/l\  3  100  and  a  coupling  strength  rfL  »  -1.23.  (b)  The  tempo¬ 
ral  profile  of  beam  1  before  (dotted  curve)  and  after  (solid  curve) 
coupling  in  the  crystal.  Here  we  reverse  the  direction  of  energy 
coupling  in  the  crystal,  so  that  beam  2  couples  energy  into 
beam  1.  We  use  an  incident  average  intensity  ratio  of  /j//i  ”  100 
and  a  couping  strength  -qL  -•■1.23. 


Fig.  5.  Pulse  shaping  in  a  photorefractive  crystal  by  using  equal- 
width,  transform-limited  Gaussian  pulses  (FWHM  inten¬ 
sity  =  70  psec).  The  curves  show  the  temporal  envelope  of 
incident  b^m  1  before  the  crystal  (dotted  curves)  and  after  the 
crystal  (solid  curves),  (a)  Beam  1  arrives  50  psec  before  beam  2. 
The  coupling  strength  is  set  at  tjL  =  -2  (so  that  beam  1  loses 
energy),  and  the  average  intensity  ratio  is  set  at  /j//,  =  10. 
(b)  Beam  1  arrives  85  psec  before  beam  2.  The  coupling  strength 
is  set  at  qL  =  -*-1.5  (so  that  beam  1  gains  energy),  and  the  aver¬ 
age  intensity  ratio  is  set  at  /j/Zi  =  100. 


Fig.  6.  Pulse  shaping  in  a  photorefractive  crystal  by  using  Gaus¬ 
sian  pulses  with  the  same  temporal  width  (FWHM  intensity 
70  psec).  The  temporal  envelope  of  the  incident  beam  (1)  is 
shown  before  the  crystal  (dotted  curve)  and  after  the  crystal  (solid 
curve).  Here  beam  1  is  transform  limited,  but  beam  2  is  chirped 
and  has  a  spectral  width  8  times  that  of  beam  1.  The  time  delay 
between  the  two  beams  is  zero,  and  the  coupling  strength  is 
qL  »  1.5  (beam  1  gains  energy). 
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rj  <  Oi.  Fur  these  conditions  Fit;.  4iai  shows  that  the  long 
pulse  will  have  a  deep  hole  carved  out  of  its  center;  a 
dark  pulse.  Such  a  pulse  may  prove  useful  for  the  experi¬ 
ments  with  dark  pulses  iSee  Appendix  A  for  further 
discussion  of  this  calculation.! 

If  we  reorient  the  crystal  so  that  the  longer  pulse  gains 
energy  during  propagation  (17  >  01,  then  it  will  emerge 
with  a  sharp  spike,  as  shown  in  Fig.  4(b).  Beam  shaping 
will  al-so  occur  if  the  two  pulses  have  similar  temporal  en¬ 
velopes.  as  shown  in  Figs.  5  and  6.  In  Fig.  5  we  chose  the 
two  beams  to  be  identical,  transform-limited  Gaussians. 
In  Fig.  6  we  chose  a  transform-limited  weak  beam  and  a 
strong  beam  that  is  linearly  chirped  and  with  a  somewhat 
wider  spectral  width.  Note  the  strong  ringing  caused  by 
the  temporal  overlap  of  the  two  pulses. 

7.  CONCLUSION 

In  summary,  we  have  derived  an  analytical  expression  for 
the  two-beam-coupling  gain  of  a  photorefractive  crystal 
when  It  is  illuminated  by  two  light  beams  that  contain  in¬ 
finite  trains  of  amplitude-stabilized  pulses.  We  demon¬ 
strated  that  the  photorefractive  space-charge  field  reaches 
a  quasi-steady-state  value  proportional  to  the  local  fringe 
visibility  in  the  crystal.  We  find  that  the  time-average 
intensity  gain  of  each  beam  is  proportional  to  the  mag¬ 
nitude  squared  of  the  electric-field  correlation  of  the 
interfering  beams  at  the  entrance  face  of  the  crystal. 
Consequently,  the  correlation  between  two  optical  pulse 
trains  can  be  measured  by  performing  two-beam  coupling 
experiments  in  a  photorefractive  crystal.  We  have  also 
shown  that  optical  pulses  will  be  shaped  by  their  coupling 
in  a  photorefractive  crystal,  and  we  have  derived  analytic 
expressions  describing  how  each  pulse  transforms  during 
propagation  through  the  crystal. 


APPENDIX  A:  PULSE-SHAPE 
CALCULATIONS 

We  can  use  Eqs.  (40a)  and  (40b)  to  calculate  how  the  inten¬ 
sities  of  two  interacting  pulses  will  change  with  time  be¬ 
cause  of  beam  coupling.  In  general,  we  must  first  choose 
the  shapes  of  the  incident  pulses  before  the  crystal  and 
then  calculate  the  normalized  electric-field  correlation 
function.  In  the  example  shown  in  Fig.  4,  we  chose  one 
pulse  to  be  transform  limited  and  Gaussian  in  time  and 
the  other  pulse  also  to  be  Gaussian  in  time,  with  the  same 
spectral  width,  but  chirped.  We  might  generate  such 
pulses  by  splitting  a  transform-limited  Gaussian  pulse 
into  two  pulses  and  sending  one  of  the  pulses  through  a 
Treacy  grating  pair.“*  This  pulse  will  be  chirped  and 
temporaUy  stretched.  If  the  duration  of  the  stretched 
pulse  (1)  is  q  times  the  duration  7^2  of  the  unstretched 
pulse  Tp,  =  qT„2,  then  the  normalized  complex  temporal 
amplitudes  of  these  pulses  can  be  expressed  as 


Jiit)  =  exp 


-2  In  2(1  -1-  iVq^  -  l)r 


where  r.,  is  the  FWHM  intensity  width  of  the  long  pulse 
and  <5.1  is  a  constant  phase.  Both  p'ulses  are  Gaussian 
with  the  same  spectral  width  Aw  =  i4  r,,.  iln  2.  as  can  be 
shown  by  taking  their  Fourier  transforms.  Because  the 
original  pulse  is  assumed  to  be  transform  limited,  the  co¬ 
herence  function  y  '  is  unity.  The  corresponding  correla¬ 
tion  function,  calculated  using  Eq,  (2S),  becomes 


r(T,<)  = 

2  In  2  ^ - -  7/ 

X  exp - 2 - 0^2  +  t\ q-  -  1) — ;  (43l 

L  (J  -t-  d 

If  the  average  intensity  of  beam  1  is  much  smaller  than 
that  of  beam  2,  e.g.,  (iEij')  «  (lE.;-),  then  substitution 
into  Eq.  (40a)  yields 

E,(-r.O  =  E|o{5'i[t  -  (z/c)] 

-t-  \  qUrJlc”'  -  1)02[/  -  (z/f)  -  7,,]}.  (44) 

Substituting  Eqs.  (42)  and  (43)  into  Eq.  (44),  we  can  calcu¬ 
late  the  intensity  of  pulse  1  as  a  function  of  time  and  dis¬ 
tance  in  the  crystal.  The  results  are  shown  in  Figs.  4  and 
5.  [In  Fig.  5  both  beams  are  transform  limited,  so  that 
q  =  1  in  Eqs.  (41)-(44).] 

In  Fig.  6  we  consider  pulses  with  the  same  temporal 
width  but  different  spectral  widths  and  with  a  linear 
chirp  on  the  spectrally  wider  beam.  If  the  spectral  width 
of  pulse  2  is  m  times  that  of  pulse  1,  then  the  two  pulses 
can  be  expressed  as 

JdO  =  exp|-2  In  2-^1 '  (45) 

-  T-ft  -  Pxpf-2  In  2 

X  (1  -I-  -  1 ) - +  iojoTd  ■  (46) 


Pulse  1  is  transform  limited,  and  the  coherence  function 
■y'*’  is  unity.  The  corresponding  correlation  function,  cad- 
culated  using  Eq.  (28),  is 


9  In  2  _ 

- (1  -f  -I-  i\  m^  -  1) 

m  +  3 


(47) 


Substituting  Eqs.  (45)-(47)  into  Eq.  (44)  and  setting 
q  =  I  (the  two  pulses  are  given  the  same  temporal  width), 
we  obtain  Fig.  6. 
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We  explain  the  apparent  sublinear  intensity  dependence  of  photoconductivity  in  barium  titanate.  In 
our  model  shallow  acceptors  act  as  a  reservoir  for  charges  optically  excited  from  the  donors.  As  this 
reservoir  fills,  the  fraction  of  occupied  donors  changes  appreciably,  changing  the  lifetime  of  the  free  car¬ 
riers.  W’e  identify  two  types  of  barium-titanate  crystals  having  quite  different  photorefractive  charac¬ 
teristics  depending  on  their  relative  density  of  donors  and  acceptors,  and  we  find  that  the  depth  of  the 
shallow  acceptor  level  is  —0.4  ±0.1  eV  in  both  types  of  crystals. 

PACS  numbers:  72.20.Jv,  42.70  Gi.  72.40  -t-w 


The  photoconductivity  of  BaTiOa  does  not  scale 
linearly  with  light  intensity.  In  1977,  Fridkin  and  Popov 
measured  an  1°^  dependence  using  electrodes  attached 
to  the  crystal.'  In  1984,  Ducharme  and  Feinberg^  found 
an  dependence  of  the  speed-of-light-induced  charge 
migration  (which  is  proportional  to  the  photoconductivi¬ 
ty).  In  most  photorefractive  materials  doubling  the  in¬ 
cident  optical  intensity  doubles  the  charge  migration 
rate,  but  not  so  in  BaTiOj.  Here  we  show  that  the  ap¬ 
parent  sublinear  photoconductivity  of  BaTiOj  is  caused 
by  shallow  acceptors,  and  that  the  empirical  function¬ 
al  dependence,  while  producing  a  reasonable  ht  to  the 
data,  is  not  the  fundamentally  correct  functional  depen¬ 
dence. 

We  identify  two  types  of  barium-titanate  crystals 
which  we  call  type  A  and  type  B.  A  type-/4  crystal  has 
an  erasure  speed  that  increases  almost  linearly  with  light 
intensity  (and  can  be  approximated  as  speed  «/*~°’),  a 
steady-state  photorefractive  grating  strength  that  vanes 
very  little  with  intensity,  and  a  small  dark  conductivity. 
A  type-S  crystal  has  an  erasure  speed  that  increases  de¬ 
cidedly  less  than  linearly  with  light  intensity  (and  can  be 
approximated  as  speed  a  steady-state  pho¬ 

torefractive  grating  strength  with  a  marked  intensity 
dependence,  and  a  large  dark  conductivity.  We  show 
below  that  a  simple  two-level  model  of  deep  donors  and 
shallow  acceptors  explains  the  very  different  behaviors  of 
these  two  types  of  BaTiO}  crystals. 

We  postulate  that  in  type-/4  crystals  the  density  of 
donors  greatly  exceeds  that  of  acceptors  (Af/j  7S> /V^ ), 
while  in  type-0  crystals  the  density  of  donors  is  compara¬ 
ble  or  slightly  less  than  the  density  of  acceptors  (No 
^Na)-  Previous  models  of  the  photorefractive  effect 
assumed  that  either  the  donors  or  the  acceptors  (but  not 
both)  took  part  in  charge  transport, or  neglected 
thermal  excitations,’  or  invoked  additional  levels.*'^  In 
our  model  charges  (assumed  to  be  holes)  in  both  the 
donors  and  the  acceptors  can  be  excited  by  light,  and  we 
also  permit  thermal  excitation  of  holes  from  the  accep¬ 
ters  into  the  valence  band.  We  position  the  donors  near 
the  middle  of  the  band  gap  of  the  crystal  (which  is  '-3.1 
eV  for  BaTiO})  and  the  acceptors  close  to  the  top  of  the 


valence  band,  so  that  at  room  temperature  the  only  likely 
thermal  excitation  is  from  the  acceptors.  The  Fermi  lev¬ 
el  is  located  on  the  donor  levels  for  So  >  Na  and  on  the 
acceptor  level  for  So  <N a-  A  key  feature  of  this  model 
is  that  holes  optically  excited  from  the  donors  can  accu¬ 
mulate  in  the  shallow  acceptors,  where  they  can  be 
thermally  reexcited.  The  equations  describing  the 
change  in  the  populations  of  these  levels  are  a  two-level 


adaptation  of  those  found  in  Ref.  7: 

-  - soWo*  +  roniNo 

(1) 

•‘iSAl  +  P)(NA-l^A  )  -  YAnNA-  , 

(2) 

9t  dl  9l  e 

(3) 

J  •“eftnE-ftksT^n , 

(4) 

^•E~ie/eHn+N^-NA), 

(5) 

where  /  is  the  total  optical  intensity,  Ao  is  the  density  of 
ionized  donors,  SZ  is  the  density  of  full  acceptors,  n  is 
the  density  of  free  holes,  sd  and  sa  are  the  light  excita¬ 
tion  cross  sections  from  the  donors  and  acceptors,  yo  and 
Ya  are  the  free-carrier  recombination  constants  for 
donors  and  acceptors,  is  the  thermal  excitation  rate 
from  the  shallow  acceptors,  J  is  the  current  density,  E  is 
the  total  static  electric  field,  n  and  e  are  the  carrier  mo¬ 
bility  and  dielectric  constant  of  the  crystal,  respectively, 
along  the  direction  of  charge  migration,  e  is  the  electric 
charge,  and  kgT  is  the  thermal  energy. 

We  solve  these  equations  for  light  intensities  /  <  lO’ 
W/cm^  where  the  generation  rate  of  free  carriers  is 
small  compared  with  the  fast  (lO"’  Hz)  recombination 
rate  to  the  traps.*  For  this  case,  the  density  of  free  holes 
is  small  compared  to  the  light-induced  change  in  either 
the  density  of  ionized  donors  or  full  acceptors, 

n<i:\N^-(N^)i-o\.  ii«|)VJ-(Af/),-ol  -  (6) 

Note  that  because  holes  optically  excited  from  the 
donors  can  accumulate  in  the  acceptors,  both  No  and 
Na  can  be  appreciably  changed  by  light,  even  though  n 
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remains  small. 

Consider  a  photorefraciive  graiing  with  \kave  vector 
k  “4;r(sin0)//.  along  the  c  direction.  This  grating  is 
formed  by  two  coherent  writing  beams  with  intensities  /i 
and  /;  and  wavelength  \  in  the  crystal  crossing  at  a  full 
angle  26  inside  the  crystal.  Let  an  intense  erasing  beam 
(not  coherent  with  the  writing  beams)  simultaneously 
flood  the  crystal  with  a  uniform  intensity  /o-  This  makes 
the  total  light  intensity  /  “(/|  + /:  +  /o)Re(l ■'*■). 
and  the  modulation  of  the  grating  m  =2(/i/;) ''*V(/i 


+  /;  +  /y)  much  less  than  I.  If  the  writing  beams  are 
suddenly  removed,  the  grating  will  begin  to  decay  We 
find  that  the  energy  density  <I>  needed  to  erase  the  grat¬ 
ing  to  \/e  of  its  initial  value  is 


O- 


e^if(k)  so^DO 


(7) 


where  ^do  >s  the  spatially  uniform  density  of  ionized 
donors.  Solving  Eqs.  (D-O)  to  eliminate  the  intensity- 
dependent  quantity  Sdo  yields 


<D-- 


<>0 


I  +  p/s  aIo 


sgnf.V^  -  Ao)  + 


1  + 


4sDr.4jY-,.Vo 


-/Vd)‘(1  +P/S4I0) 


(8) 


where 

A  -  2e  Ya/^d 

and  sgn(/V,4  —  iVo)s  —  1  for  typc-/4  crystals,  and 
sgn(A(.<  —  1  for  type-fl  crystals. 

For  all  type-fl  crystals  that  we  studied  the  approxima¬ 
tion 


^sdYa/^aI^d  „  .  .  0 

- ; - —  »  I  -h  — ^ 

SaYd(Na-Nd^^  ^aIo 


(10) 


holds,  as  long  as  the  light-induced  conductivity  of  the 
crystal  exceeds  its  dark  conductivity.  In  this  case,  Eq. 
(8)  for  a  type-fl  crystal  simplifies  to 


<D« 

where 


(1+^/j^/o)'/^  ’ 


(I!) 


f 

etif(k) 


Ya  YP/^D 
SaSd^a 


Ml 


(12) 


Figure  I  shows  the  calculated  intensity  dependence  of 


Light  Intensity  (Wott/cm*) 

FIG.  I.  Predicted  dependence  of  ^  (the  energy  density  re¬ 
quired  to  erase  a  photorefractive  grating  to  I/e  of  its  initial 
value)  on  light  intensity  for  the  two  types  of  BaTiOj  crystals. 
Inset;  A  log-log  plot  of  the  calculated  erasure  speed  vs  intensi¬ 
ty  showing  the  apparent  /'  behavior. 


^  <1>,  the  energy  density  needed  to  erase  a  previously  writ¬ 
ten  grating  to  1/e  of  its  initial  value.  Note  that  at  high 
intensity  <t>  becomes  constant  in  both  type-/4  and  type-S 
crystals,  which  implies  that  the  photoconductivity  be¬ 
comes  linear  at  these  high  intensities.  Also,  at  low  inten¬ 
sities  in  typc-y4  crystals  the  photoconductivity  is  linear 
with  intensity  /,  while  in  type-fl  crystals  it  is  proportional 
to  'Jl.  These  features  of  the  photoconductivity  can  be 
easily  missed  if  the  same  information  is  displayed  in  the 
traditional  log-log  plot  of  speed  versus  intensity  (as 
shown  in  the  inset),  where  the  curves  appear  to  be 
straight  lines  of  constant  slope  x  (0.5  <  jc  <  1 ),  implying 
an  oversimplistic  /*  functional  dependence  for  the  photo¬ 
conductivity. 

To  verify  our  two-level  model  we  measured  the  light- 
induced  erasure  rate  of  photorefractive  gratings  as  a 
function  of  the  incident  light  intensity.  Three  as-grown 
BaTiOs  samples  (named  Cat,  Free,  and  Rob)  were 
selected  for  their  different  characteristics.  The  Rob  crys¬ 
tal  is  type  A  with  a  long  dark  storage  time  (rdirk>  10^ 
sec  at  room  temperature).  Both  the  Cat  and  Free  crys¬ 
tals  are  type  B  and  have  short  dark  storage  times  (Tdark 
~  1  sec  at  room  temperature).  The  same  Cat  crystal 
was  previously  studied  in  Ref.  2;  we  repeated  the  mea¬ 
surements  over  a  wider  range  of  crystal  temperature  and 
light  intensity.  Two  optical  writing  beams,  of  compara¬ 
ble  intensity,  intersected  in  the  crystal  at  a  full  internal 
angle  of  20~2S°.  After  the  writing  beams  had  written  a 
photorefractive  grating  to  steady  state,  both  writing 
beams  were  blocked  and  the  grating  was  allowed  to  de¬ 
cay.  An  intense  erasing  beam  flooded  the  crystal  at  all 
times,  and  thereby  avoided  large  changes  in  the  shallow 
trap  population  when  the  writing  beams  were  turned  off. 
The  erasing  intensity  was  10  times  the  total  writing  in¬ 
tensity.  All  these  optical  beams  were  at  SI 4.5  nm  and 
polarized  perpendicular  to  the  c  axis  of  the  crystal.  The 
crystal  temperature  was  stabilized  to  ±1”.  The  relative 
grating  strength  was  measured  by  a  weak,  extraordinary 
polarized  632.8-nm  laser  beam  incident  at  the  Bragg  an¬ 
gle. 

Figure  2  is  the  plot  of  O  vs  /o  in  the  Rob  crystal  (a 
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FIG.  2.  <t>  vs  /o  at  various  temperatures  of  the  Rob  crystal  of 
BaTiOj,  a  type-/!  crystal:  r-25°C  (□).  T-41°C  (a). 
T~90°C  (O).  Solid  curves  are  simultaneous  best  fits  by  Eq. 
(8), 

typc-/<  crystal)  for  three  temperatures.  The  solid  curves 
are  simultaneous  least-squares  fits  of  the  data  by  Eq.  (8) 
which  contains  three  parameters:  <t»o  (which  sets  the 
amplitude),  (which  determines  the  point  of 

inflection),  and  = 

(From  a  simultaneous  least-squares  fit  of  all  of  the  data 
we  obtain  pi  —23.)  According  to  theory,  ^  (the  thermal 
excitation  rate  out  of  the  shallow  traps)  increases  with 
temperature  T  according  to 

(13) 

where  £r  is  the  energy  separation  of  the  shallow  trap 
level  from  the  valence  band,  and  is  a  constant.  Fitting 
the  values  of  ^Isa  at  the  various  temperatures  by  Eq. 
(13)  we  estimate  the  depth  of  the  shallow  trap  levels  in 
the  Rob  crystal  to  be  £'r~0.36  eV. 

Figure  3  shows  a  semilogarithmic  plot  of  <I>  vs  /o  for 
the  Cat  crystal.  Note  that  the  function  <I>  increases  with 
light  intensity  even  at  low  intensities;  this  is  caused  by 
the  light-induced  change  in  the  density  of  un-ionized 
donors.  Comparison  with  Fig.  1  shows  that  the  Cat  crys¬ 
tal  is  a  type-fl  sample  with  Sq  ^  Na-  At  high  intensity 
<I>  flattens,  because  the  density  of  holes  in  the  shallow  ac¬ 
ceptors  (and  the  corresponding  density  of  un-ionized 
donors)  is  beginning  to  saturate.  Note  that  the  data  at 
higher  crystal  temperatures  flatten  at  higher  intensities, 
because  it  requires  more  light  to  saturate  an  acceptor 
that  has  a  larger  thermal  excitation  rate.  The  solid 
curves  are  least-squares  fits  by  Eq.  (II)  using  <t>oa  and 
P/sa  as  the  two  fitting  parameters. 

Figure  4  shows  a  semilogarithmic  plot  of  the  parame¬ 
ter  P/sa  as  a  function  of  the  inverse  thermal  energy 
X/kaT  for  both  the  Cat  and  Free  crystals  (both  type  B). 
From  the  slope  of  these  graphs  and  using  Eq.  (13).  we 
obtain  the  depth  of  the  shallow  traps  in  the  Cat  crystal 
to  be  £7-c.i-0.5±0.15  eV,  and  £rF™,-0.3  ±0.1  eV  in 
the  Free  crystal. 

The  depth  of  the  shallow  traps  in  type-£  crystals  can 
also  be  determined  by  measuring  the  rate  of  decay  of 
photorefractive  gratings  in  the  dark  as  a  function  of  the 


Ctght  Intensity  (Wott/cm‘) 


FIG.  3.  I)  vs  /o  at  various  temperatures  of  the  Cat  crystal  of 
BaTiO).  a  type-B  crystal:  T-IT'C  (•),  r-25°C  (□). 
r-SS'C  (A),  r-43°C  (■).  T-S2°C  (O).  solid  curves  are 
best  fits  by  Eq.  (II). 

crystal  temperature.  If  the  total  intensity  is  sufficiently 
low  U^P/sa  ).  the  grating  forms  only  on  the  shallow  ac¬ 
ceptors  in  type-B  crystals,  and  will  decay  in  the  dark  ex¬ 
ponentially  at  a  rate 

e  YaI^d 

In  order  to  obtain  £r,  we  first  correct  for  the  strong  tem¬ 
perature  dependence  of  the  mobility  fi  by  multiplying  the 
dark-decay  rate  by  Ooa  at  each  temperature.  A  semi¬ 
logarithmic  plot  of  Fdarkd^oa  vs  X/ksT  yielded  a  straight 
line  for  the  Cat  and  Free  crystals  with  Et~0A  eV  in 
both  cases,  in  good  agreement  with  the  values  of  Et 
determined  above. 

We  now  understand  why  the  dark  conductivity  is 
much  smaller  for  a  type- A  crystal  than  for  a  type-B  crys¬ 
tal.  In  a  type- A  crystal  in  the  dark  and  in  thermal  equi¬ 
librium,  the  acceptors  will  be  empty  of  holes  and  there 
will  be  negligible  conduction  in  the  dark.  In  contrast,  in 
a  type-B  crystal  there  are  always  some  holes  in  the  ac¬ 
ceptors  available  for  thermal  excitation,  so  the  dark  con¬ 
ductivity  is  relatively  large. 


1A,T  leV’) 

FIG.  4.  Plot  of  the  measured  intensity  needed  to  saturate 
the  shallow  traps  (normalized  to  I  W/cm’)  vs  the  inverse 
thermal  energy  for  two  type-B  crystals,  (a)  Circles,  Cat  crys¬ 
tal.  The  slope  of  the  line  yields  £r~0.S±0.IS  eV.  (b) 
Squares,  Free  crystal.  The  slope  of  the  line  yields  £r--0.3 
±0.1  eV. 
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We  also  predict  the  intensity  dependence  of  the 
space-charge  field.  In  general,  photorefractive  gratings 
will  form  on  both  the  donors  and  the  acceptors.  Equa¬ 
tions  (l)-(5)  predict  that  the  amplitude  of  the 
steady-state  space-charge  field  will  vary 

strongly  with  intensity  in  type-fl  crystals  but  only  weakly 
in  type-/l  crystals.  We  obtain 


£c£  “  +im- 


ksT 


TjU) 


I  4"  k  */(k(J  dofK>r  "I"  If  (S.accepiof  I 


(14) 


where 


n(i)  = 


k  (5.  donor  4"  If  (J_ 


acctplor 


k  (5.  donor  4"  If  (5, 


/(14-^A,,/) 

acceptor 


(15) 


The  function  r;(/)  <  1  approaches  unity  at  high  intensi¬ 
ty.  The  Debye  screening  wave  vectors  for  the  donors  and 
acceptors  are  defined  by 


k6.<iono,- ^ksT  No 


(16) 


and 


ki. 


e* 


N7o(Nm  -Nao) 


acceptor  * 


fkaT 


Na 


(17) 


Here  Noo  and  Nao  are  the  spatially  uniform  densities  of 
ionized  donors  and  filled  acceptors,  respectively,  both  of 
which  vary  with  light  intensity. 

For  a  type-fl  crystal  operated  in  a  regime  where  the 
light-induced  photoconductivity  exceeds  the  dark  con¬ 
ductivity,  Eq.  (10)  holds,  and  the  function  rj  in  Eq.  (15) 
becomes  rj(l)  y  [l  4- 1/0  +P/saI)].  This  causes  to 
increase  by  a  factor  of  2  as  the  light  intensity  is  in¬ 
creased  from  low  intensities  I  <i.  fits  a  to  high  intensities 
I'^filsA-  For  a  type-/4  crystal,  r?--l  for  all  intensities, 
so  that  £k  should  vary  only  weakly  with  intensity. 

We  confirmed  the  above  by  measuring  the  magnitude 
of  the  photorefractive  space-charge  field  and  found  that, 
as  predicted  by  theory,  £«  varied  appreciably  with  opti¬ 
cal  intensity  in  type-fl  crystals  but  not  in  type-/4  crystals. 
For  the  Cat  and  Free  crystals  the  space-charge  field  in¬ 
creased  with  increasing  light  intensity  by  a  factor  of 


more  than  2.3  over  the  intensity  range  / ”0.1-70  W/ 
cm’,  consistent  with  their  assignment  as  typc-£  crystals. 
In  contrast,  for  the  Rob  crystal  (a  type-.4  crystal)  the 
grating  strength  changed  by  only  ~20‘^c  over  the  same 
intensity  range  for  all  temperatures  studied. 

Equation  (8)  also  explains  our  cw  and  pulsed  erasure 
data  of  Ref.  9.  In  those  experiments  we  erased  gratings 
with  pulsed  light  beams  of  high  peak  intensity  but  low 
average  intensity  in  two  additional  type-/4  crystals  of 
BaTiO}  (Swiss  and  Hop).  Our  theory  predicts  that  in 
this  case  it  takes  the  same  amount  of  energy  to  erase  a 
photorefractive  grating  by  continuous  illumination  as  by 
a  train  of  light  pulses  having  the  same  average  intensity. 

The  critical  parameter  controlling  whether  a  crystal  is 
type  A  or  type  B  is  z=‘'^aNd/(Na  -Np)^,  which  varies 
rapidly  near  the  compensation  point  Na  “No-  This  sug¬ 
gests  that  our  as-grown  BaTi03  crystals  arc  nearly  com¬ 
pensated,  which  explains  why  their  photorefractive 
characteristics  vary  so  much  from  one  sample  to  the 
next. 

This  work  was  supported  by  Contracts  No.  F49620- 
88-C-0095  of  the  Air  Force  Office  of  Scientific  Research 
and  No.  F49620-88-C-0067  of  the  Joint  Services  Elec¬ 
tronics  Program. 
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We  analytically  solve  charge-transport  equations  for  a  photorefractive  crystal  with  shallow  and  deep  traps.  We 
predict  that,  if  shallow  traps  can  accumulate  a  high  density  of  charge,  the  photorefractive  trap  density  and 
space-charge  field  will  be  strong  functions  of  light  intensity  and  the  photoconductivity  will  scale  sublinearly 
with  intensity.  We  show  that,  depending  on  light  intensity  and  grating  .spacing,  shallow-trap  charge  gratings 
form  either  in  phase  or  out  of  phase  with  the  light  pattern.  As  shallow  traps  thermally  depopulate  in  the  dark, 
the  space-charge  field  either  partially  decays  or  partially  develops  for  a  few  seconds.  The  amount  of  decay  in¬ 
creases  as  grating  spacing  increases  in  BiijSiOio  and  as  grating  spacing  decreases  in  BaTiOj. 


1.  INTRUUUCTION 

The  early  models  of  the  photorefractive  effect,'”^  which  we 
refer  to  as  deep-trap  models,  predict  that  the  photorefrac¬ 
tive  grating  strength  is  independent  of  the  light  intensity 
that  is  used  to  write  the  grating  as  long  as  the  photocon¬ 
ductivity  exceeds  the  dark  conductivity.  However,  the 
magnitude  of  the  photorefractive  space-charge  field  in 
some  BaTiOn  samples  is  a  strong  function  of  intensity^'' 
even  for  intensities  for  which  the  thermal-equilibrium 
dark  conductivity  is  negligible  compared  with  the  photo¬ 
conductivity.  Also,  deep-trap  models  predict  that  the  pho¬ 
torefractive  grating  will  decay  exponentially  in  the  dark. 
Yet  in  BiijSiOzo  (BSO)  and  in  some  BaTiOj  crystals  a  cer¬ 
tain  fraction  of  the  grating  decays  in  the  dark  on  a  time 
scale  of  a  few  seconds,  whereas  the  rest  of  the  grating  re¬ 
mains  for  several  minutes  to  hours.*  *  Other  such  devia¬ 
tions  from  the  predictions  of  deep-trap  models  are  the 
wavelength  dependence  of  the  photorefractive  trap  den- 
si^yZ.aio  oscillatory  behavior  of  the  diffraction  effi¬ 

ciency  in  the  dark  in  BSO."  There  is  also  the  recently 
resolved  problem  of  the  sublinear  dependence  of  the  light- 
induced  grating-erasure  rate  on  optical  intensity  in 
BafiOj.'^"'*  Recently  Brest  et  al.  expl.iincd  the  intensity 
dependence  of  optical  absorption  and  the  photorefractive 
space-charge  field  in  their  BaTiOi  sample  by  using  a 
model  of  the  photorefractive  effect  with  shallow  traps.* 
However,  they  arrived  at  their  results  numerically  and 
considered  only  the  steady  state.  Strohkendl  used  a  simi¬ 
lar  shallow-trap  model  to  explain  the  dark  decay  of  pho¬ 
torefractive  gratings  ir,  BSO.*  Yet  his  treatment  neglects 
the  formation  and  dynamics  of  shallow-trap  charge  grat¬ 
ings,  which  we  show  to  be  important,  and  does  not  con¬ 
sider  the  steady  state. 

In  this  paper  we  pre.sent  a  complete  analytical  solution 
of  a  charge-transport  model  of  the  photorefractive  effect 
with  shallow  traps.  We  derive  a  general  expression  for 
the  charge  gratings  in  the  shallow  and  the  deep  traps  and 
for  the  resulting  space-charge  field  in  the  steady  state. 
We  also  solve  for  the  time  development  of  photorefractive 
gratings  in  the  dark  in  an  approximate  regime. 


Our  model  includes  shallow  traps  in  addition  to  the 
usual  deep  donors  and  inactive  compensative  acceptors  of 
the  single-carrier  Kukhtarev  model.'  For  simplicity  we 
consider  shallow  electron  traps  for  n-type  BSO  (Fig.  1) 
and  shallow  hole  traps  for  p-type  BaTiOj.  (It  is  not  yet 
established  whether  the  shallow  traps  in  BSO  and  BaTiOj 
are  electron  traps  or  hole  traps.)  Light  populates  the 
shallow  traps  with  charges,  which  are  thermally  reexcited 
to  the  nearest  band  on  a  time  scale  of  microseconds  to 
seconds.  In  our  model  light  can  excite  charges  to  the 
nearest  band  from  both  the  deep  donors  and  the  shallow 
traps.  We  neglect  thermal  excitation  of  charges  from  the 
deep  donors,  which  causes  photorefractive  gratings  to 
decay  in  the  dark  on  time  scales  of  the  order  of  minutes 
to  hours. 

When  a  photorefractive  crystal  is  illuminated  by  a  si¬ 
nusoidal  light  pattern,  charge  gratings  form  in  both  the 
shallow  and  the  deep  traps.  We  show  that,  depending  on 
crystal  temperature,  light  intensity,  and  grating  spacing, 
the  steady-state  charge  grating  in  the  shallow  traps  forms 
in  pha.se  or  180*  out  of  phase  with  the  light  pattern.  When 
the  shallow-trap  charge  grating  is  in  phase  with  the  light 
pattern,  it  can  be  larger  than  the  grating  in  the  deep  traps. 

We  predict  that  if  the  shallow  traps  can  accumulate  a 
charge  density  that  is  comparable  with  or  higher  than  the 
density  of  donors  ionized  in  the  dark,  the  photoconductiv¬ 
ity  will  increase  less  than  linearly  with  the  light  intensity. 
In  the  same  regime  the  photorefractive  trap  density  and 
space-charge  field  will  be  strong  functions  of  the  light  in¬ 
tensity.  On  the  other  hand,  if  the  density  of  charges  in 
the  shallow  traps  remains  low  compared  with  the  density 
of  ionized  donors  in  the  dark,  the  space-charge  field 
changes  little  with  intensity  and  the  photoconductivity  is 
nearly  linear  with  the  light  intensity. 

It  was  shown  that  the  thermal  depopulation  of  the 
charges  that  are  stored  in  the  shallow  traps  during  illumi¬ 
nation  causes  the  photorefractive  grating  to  decay  in  the 
dark.**  Here  we  show  that  the  grating  in  the  shsJlow 
traps  plays  a  significant  role  in  the  dynamics  of  photore¬ 
fractive  dark  decay  and  cannot  be  neglected.  As  the  shal¬ 
low  traps  depopulate,  they  erase  the  grating  in  the  shallow 
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Fig.  1.  Band  diagram  of  the  shallow-trap  model  for  n-type 
crystals. 

traps  as  well  as  some  or  all  of  the  grating  in  the  deep  traps 
in  a  time  of  the  order  of  microseconds  to  seconds.  In 
most  cases  this  causes  the  space-charge  field  partially  to 
decay  (co£ist)  in  the  dark;  however,  the  coupling  between 
the  shallow-  and  the  deep-trap  gratings  can  result  in  more 
complicated  behavior.  For  example,  when  the  charge 
grating  in  the  shallow  traps  is  180”  out  of  phase  with  the 
charge  grating  in  the  deep  traps,  thermal  depopulation  of 
shallow  traps  in  the  dark  can,  under  certain  conditions, 
cause  the  space-charge  field  to  increase. 

We  solve  for  the  time  development  of  photorefractive 
gratings  in  the  dark  for  the  case  in  which  the  density  of 
charges  in  the  shallow  traps  is  small  compared  with  both 
the  density  of  donors  ionized  in  the  dark  and  the  total 
density  of  shallow  traps.  The  time  dependence  of  the 
dark  decay  of  a  photorefractive  grating  as  well  as  the 
amount  of  decay  is  a  function  of  the  intensity  of  light  that 
is  used  to  write  the  grating,  the  grating  spacing,  the  Debye 
screening  length,  and  the  diffusion  length  of  the  free  car¬ 
riers.  In  BSO  the  diffusion  length  of  the  free  carriers  is 
much  larger  than  the  Debye  screening  length,  whereas  the 
opposite  is  true  in  BaTiOj.  This  causes  the  dark  decay 
behavior  of  photorefractive  gratings  to  be  quite  different 
in  the  two  crystals.  For  example,  our  model  predicts  that 
the  dark  decay  of  a  grating  in  BaTiOs  is  a  sum  of  two 
exponentials  that  decay  to  a  constant  background,  whereas 
the  dark  decay  of  a  grating  in  B.SO  is  highly  nonexponen¬ 
tial  in  time.  Also,  the  amount  of  dark  decay  increases  as 
the  grating  spacing  is  increased  in  BSO  and  as  the  grating 
spacing  is  decreased  in  BaTiOs.  These  predictions  are  in 
agreement  with  recent  experimental  results  in  BSO  and 
BaTi03.““ 

In  Section  2  we  describe  the  basic  equations  of  our 
model  and  derive  expressions  for  the  density  of  filled  shal¬ 
low  traps,  steady-state  charge  gratings  in  the  deep  and  the 
shallow  traps,  the  space-charge  field,  photoconductivity, 
and  absorption  during  cw  illumination.  In  Section  3  we 
derive  an  expression  for  the  time  development  of  the 
space-charge  field  in  the  dark  and  discuss  the  solutions  for 
BSO  and  BaTiCa. 

2.  THEORY 

In  the  presence  of  shallow  traps,  the  photorefractive  effect 
is  described  by  a  simple  extension  of  the  Kukhtarev 
equations*: 

dNn' 

— —  =  sd/(/'/d  -  No')  -  yo'iNo',  (1) 


—  =  -(stI  +  /3)Af  -t-  yrn(Wr  -  Af), 

Ot 


-(No' -  M  -  n)  + -V -J  =  0,  (3) 

dt  e 

J  —  t  (4) 

V  •  E  =  --(n  -  No'  +  N^  +  Af).  (5) 

e 

Here  No  is  the  density  of  donors,  N/^  is  the  density  of  (inac¬ 
tive)  acceptors,  Mr  is  the  total  shallow-trap  density,  Nd‘  is 
the  density  of  ionized  donors,  Af  is  the  density  of  filled 
shallow  traps,  n  is  the  free-carrier  density,  J  is  current 
density,  E  is  the  electrostatic  field,  sp  and  Sr  are  the  light- 
excitation  cross  sections  for  donors  and  for  shallow  traps, 
yo  and  yr  are  the  recombination  constants  for  donors  and 
for  shallow  traps,  0  is  the  thermeil-excitation  rate  from  the 
shallow  traps,  /x  and  e  are  the  mobility  and  the  dielectric 
constant  along  the  direction  of  charge  migration,  e  = 
1.6  X  10"**  C,  and  ksT  is  thermal  energy.  Here  we  as¬ 
sume  that  electrons  are  the  charge  carriers,  so  that  these 
equations  apply  directly  to  n-type  BSO.  In  the  case  of 
p-type  BaTiOj  crystals,  our  results  can  be  converted  to 
hole-dominated  transport  by  simple  substitutions  and  a 
change  of  terminology  (see  Appendix  A).  We  also  neglect 
the  photogalvanic  effect. 

Assume  that  a  sinusoidal  light  pattern,  I  =  h  + 
m  expliAz)],  illuminates  the  crystal.  Here  k  is  the  grating 
wave  vector,  z  is  position,  and  m  is  the  modulation  index 
of  the  grating.  Since  the  intensity  varies  only  in  the  z 
direction,  the  problem  reduces  to  one  dimension.  Also,  if 
the  modulation  is  small,  m  «  1,  then  all  physical  quanti¬ 
ties  that  light  can  alter  will  have  a  spatially  uniform  part 
and  a  component  that  varies  as  exp(ike).  So,  for  example, 

No'  =  Nn  +  No  +  Re{Ali  exp(iAz)], 

Af  =  Afo  -t-  Re{Afi  exp(il!z)j,  (6) 

with  similar  expressions  for  n,  J,  and  E.  We  assume  that 
the  density  of  free  carriers  is  low  compared  with  both  the 
density  of  the  donors  ionized  by  light  and  the  density  of 
filled  shallow  traps: 

no  «  No,  no  «  Afo.  (7) 

This  replaces  the  low-intensity  approximation  used  by 
Kukhtarev.'  In  this  regime  the  charge-conservation 
equation.  No  =  Mo  +  no,  becomes 

No  ==  Mo,  (8) 

so  the  mean  density  of  donors  ionized  by  light  is  equal  to 
the  mean  density  of  filled  shallow  traps.  Note  that  rela¬ 
tions  (7)  and  (8)  constitute  two  key  differences  between 
our  model  and  deep-trap  models.  In  the  Kukhtarev 
model*  the  density  of  donors  ionized  by  light  is  equal  to 
the  density  of  free  carriers  and  is  negligible  compared 
with  the  density  of  donors  ionized  in  the  dark.  No  = 
no  «  N^.  A1.SO,  in  Valley’s  two-species  model,  the  spa¬ 
tially  uniform  components  of  the  density  of  ionized  donors 
and  filled  acceptors  are  unchanged  by  illumination.*  In 
our  model  light  can  significantly  alter  the  mean  density 
of  ionized  donors,  becau.se  the  electrons  excited  out  of 
the  donors  can  accumulate  in  the  shallow  traps.  In  fact 
dark  decay  experiments  in  BSO  (Refs.  6  and  11)  and 
BaTiO]  (Ref.  8)  showed  that  there  are  enough  charges 
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stored  in  the  shallow  traps  during  illumination  to  cause 
a  large  fraction  of  a  photorefractive  grating  to  decay 
in  a  few  seconds  in  the  dark.  This  gives  an  order-of- 
magnitude  estimate  for  the  density  of  filled  shallow  traps 
of  Afo  =  10‘*-10‘*  cm"’  for  /  —  10  mW/cm’,  whereas  the 
density  of  free  carriers  is  no  —  lO’-lO’  cm"’  for  the  same 
light  intensity. 

We  also  assume  that  the  free-carrier  grating  is  small 
compared  with  the  total  space-charge  grating  in  the  traps: 

|nii  «  |Afi  -  Afi|.  (9) 

Inequalities  (7)  and  (9)  are  satisfied  in  DSO  and  BaTiOj 
for  I  <  10’  W/cm’. 


A.  Mean  Density  of  Filled  Shallow  Traps  at  Steady  State 
Using  the  low-intensity  approximation,  inequality  (7), 
we  obtain  the  mean  density  of  filled  shallow  traps  at  steady 
state  from  Eqs.  (l)-(3)  and  Eq.  (5)  as 

No  =  Mo  =  — — ~ — r.  l[/)(fo)  (A’d.a  +  Afr)  +  A'a] 

^UM'o)  -  IJ 

“  {[p(lo){NaA  +  Mr)  +  A/.a]'  - 

x[p{i,)  -  (10) 

v-htre 


p(fo)  = 


sryo  (1  fiNrh 


A*oa  =  No  -  A'a  ■ 


The  density  of  filled  shallow  traps,  M,i,  which  is  a  saturat¬ 
ing  function  of  intensity,  determines  the  magnitude  of  the 
charge  gratings  in  the  shallow  and  the  deep  traps  as  well 
as  the  amount  of  dark  decay  after  illumination. 

The  time  development  of  the  space-charge  field  in  the 
dark  can  be  obtained  anaU'ically  in  the  special  case  in 
which  the  density  of  filled  shallow  traps  is  small  compared 
with  both  the  density  of  ionized  donors  in  the  dark  and  the 
total  shallow-trap  density,  Afo/Mr  «  1  and  Afo/iV^  «  1. 
These  conditions  are  satisfied  when 


Snyr  N 

(->Mo/iVa«1).  (12) 

sryp  AMtNoa 
Snyr  Na 

~  <<  U-'VTr  «  D-  (13) 

Sryo  Noa  +  Mr 

In  this  case  the  density  of  filled  shallow  traps  is  given  by 


(1  +  P/srh 


(if  Mo/Na  «  1,  Mo/A/r  «  1), 


■'»f)'>'r  Afr  Afj 
StJoNa 


is  the  density  of  filled  shallow  traps  above  the  saturation 
intensity  lo  »  /3/sr. 


with  light  intensity.  L'  mr  model  the  optical  absorption 
of  the  traps  is  given  by 

air.„  =(sdNda  +  (sr  -  sd)Mo)  ■  (16) 

The  first  term  on  the  right-hand  side  of  Eq.  (16)  is  the  trap 
absorption  in  the  dark  and  in  thermal  equilibrium,  and 
the  second  term  is  the  light-induced  change  in  absorption. 
Since  the  magnitude  of  the  change  in  absorption  is  propor¬ 
tional  to  the  density  of  filled  shallow  traps,  it  increases 
with  as  light  intensity  is  increased  and  saturates  at  high 
intensities  according  to  Eq.  (10).  Note  that  Ekj.  (16)  for 
trap  absorption  predicts  induced  absorption  for  st  >  Sd 
and  induced  transparency  for  sr  <  So-  Brost  et  al.*  ob¬ 
served  that  optical  absorption  of  their  BaTiOs  sample  at 
A  =  514.5  nm  increased  as  intensity  increased  (by  as 
much  as  0.3  cm"‘  at  /  =  20  W/cm’),  indicating  that  Sr  >  So 
in  BaTiO]  for  that  wavelength. 


C.  Sublinear  Photoconductivity  and 
Grating-Erasure  Rale 

The  light-induced  redistribution  of  electrons  between 
deep  and  shallow  levels  also  causes  the  photoconductivity 
to  become  a  sublinear  function  of  intensity.”'’  The  in¬ 
tensity  dependence  of  photoconductivity,  =  e^rno,  is 
determined  by  the  density  of  free  carriers,  no.  From  the 
spatially  uniform  part  of  Eq.  (1)  in  steady  state,  the  den¬ 
sity  of  free  carriers  can  be  written  as 

no  =  SploiNoA  ~  Ao)tc(/o),  (17) 

where 


Toih) 


1 

yoiN’A  +  No) 


(18) 


is  the  recombination  time  of  the  electrons  to  the  deep 
donors.  As  the  light  intensity  increases,  the  density  of 
donors  ionized  by  light.  No,  increases.  Since  the  electrons 
ionized  from  the  donors  can  accumulate  in  the  shallow 
traps.  No  can  become  comparable  with  or  larger  than  Na. 
Hence  the  recombination  time  of  the  free  electrons  to  the 
deep  donors,  Tn(Io),  decreases  appreciably,  and  the  photo¬ 
conductivity  increases  less  than  linearly  as  intensity  in¬ 
creases.  At  extremely  low  intensities  for  which  the 
d-’nsity  of  donors  ionized  by  lign.  is  negligible  compared 
with  the  density  of  ionized  donors  in  the  dark.  No  «  Na, 
the  recombination  time  td(/o)  is  a  constant,  and  the  photo¬ 
conductivity  increases  linearly  with  intensity.  Also,  at 
extremely  high  cw  intensities,  for  which  the  density  of 
filled  shallow  traps  (and  the  corresponding  density  of 
donors  ionized  by  light)  saturates.  Mo  =  No  =  constant, 
the  photoconductivity  is  a  linear  function  of  intensity. 
Another  factor  that  tenus  to  make  photoconductivity  a 
sublinear  function  of  intensity  is  the  decrease  in  the  ab¬ 
sorption  from  the  deep  donors,  Sd{Nda  ~  No)  hv.  This 
occurs  when  the  density  of  donors  ionized  by  light  be¬ 
comes  comparable  with  the  density  of  un-ionized  donors 
in  the  dark. 

The  explicit  intensity  dependence  of  the  density  of  free 
carriers  is  given  by 


Sn/n  /(NtM  -  Mr)  -  ^ 

2yo(NA  f  Afr')\  N) 

fflNp,  -  Afr)  -  nJ’  4Noa{  .  +  Mr)l‘’’\ 

11  P(/o)  j  /■ 


B.  Light-Induced  Change  in  Absorption 

The  redistribution  of  charges  between  the  deep  and  the 

shallow  energy  levels  causes  the  optical  absorption  to  vary 
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In  the  intermediate  range  of  light  intensities,  where  the 
density  of  free  carriers  is  a  sublinear  function  of  light  in¬ 
tensity,  Kq.  (19)  for  /lo  can  be  approximated  by  the  func¬ 
tion  /o'  with  0.5  <  I  <  1.‘*  The  x  —  0.5  limit  is  reached 
for  lo  «  P/st  and  when  edl  donors  are  un  ionized  in  the 
dark  and  in  thermal  equilibrium,  Nf,  =  0. 

In  grating-erasure  experiments  for  which  the  average 
light  intensity  illuminating  the  crystal  does  not  change 
during  the  write-erase  cycle  the  population  of  the  filled 
shallow  traps  and  the  density  of  the  free  carriers  will  be 
independent  of  time.  In  this  case  the  grating-erasure 
rate  will  be  proportional  to  the  steady-state  photoconduc¬ 
tivity  and  is  therefore  expected  to  be  a  sublinear  function 
of  the  erasing  intensity.  This  prediction  has  been  experi¬ 
mentally  verified  in  a  few  BaTiOo  samples.'^ 


n.  SIcady-Slale  Charge  Gratings 

In  this  subsection  we  present  expressions  for  the  steady- 
state  charge  gratings  in  the  deep  and  the  shallow  levels  for 
sinusoidal  illumination.  When  the  crystal  is  illuminated, 
the  charges  that  are  transferred  from  the  partially  filled 
donor  level  to  the  empty  shallow  traps  allow  gratings  to 
form  in  both  levels. 

In  the  low-intensity  approximation,  nr,  «  So,  Mi,  and 
ni^  «  I'.Vi  -  and  in  the  absence  of  an  externally  ap¬ 
plied  field  the  amplitude  of  the  charge  grating  in  the  deep 
donors  is  given  by 


(^e)A'.  -  rneSr-p--J:- 


+  meMe- - .  •  (20) 

(1  +  SrIo/0)  (^‘  +  ko') 


and  the  amplitude  of  the  shallow-trap  charge  grating  is 


Here 


^01}^  t  koj-^  (24) 

is  the  square  of  the  Debye  screening  wave  vector.  [In 
the  presence  of  an  applied  electric  field,  Eq.s.  (20)  and  (21) 
for  N,  and  M,  are  modified  by  replacing  by  k[k  - 
leEo/kgT],  Note  that  the  Debye  screening  wave  vector  is 
a  function  of  light  intensity  through  its  dependence  on  No- 
In  the  absence  of  an  applied  field,  the  charge  gratings 
in  the  shallow  and  the  deep  traps,  (  -e)Af,  and  {  +  p)N,,  arc 
each  a  sum  of  an  in-pha.se  and  a  .screening  grating.  The 
in-phase  gratings,  given  by  the  first  terms  on  the  right- 
hand  sides  of  Eqs.  (20)  and  (21),  are  positive  for  both  levels 
and  are  proportional  to  k^,  corresponding  to  the  transport 


of  charge  by  diffusion.  The  space-charge  field  is  gener¬ 
ated  by  the  sum  of  the  in-phase  charge  gratings  of  the  two 
levels.  The  screening  gratings,  given  by  the  second  terms 
on  the  right-hand  sides  of  Eqs.  (20)  and  (21),  have  equal 
magnitudes  and  opposite  signs  and  correspond  to  the  lat¬ 
eral  transfer  of  charge  from  the  deep  donors  to  the  shallow 
traps.  The  screening  gratings  of  the  two  levels  exactly 
cancel  each  other  and  hence  do  not  contribute  to  the 
space-charge  field. 

It  is  interesting  to  note  that  the  phase  of  the  shallow- 
trap  charge  grating,  with  respect  to  the  light  pat¬ 

tern  changes  with  intensity  (Fig.  2).  In  the  absence  of  an 
applied  field,  (-e)M,  is  180°  out  of  phase  with  the  light 
pattern  for  intensities  lo  <  pkoo^/sTk^  and  becomes  in 
phase  with  it  at  higher  intensities.  For  lo  < 
the  screening  grating  in  the  shallow  traps  is  larger  than 
the  in-phase  grating,  so  that  (-e)M|  is  180°  out  of  phase 
with  the  light  pattern.  In  this  case  thermal  excitations 
from  shallow  traps  dominate  light  excitations,  and  charges 
accumulate  in  the  bright  regions,  where  there  are  more 
electrons  in  the  conduction  bond  that  can  recombine  into 
the  shallow  traps.  For  lo  >  (Ikop^/sTk^  optical  excitations 
dominate  thermal  excitations,  forcing  charges  to  accumu¬ 
late  in  the  dark  regions.  In  this  case  the  screening  grat¬ 
ing  is  smaller  than  the  in-phase  grating,  making  the  total 
shallow-trap  charge  grating,  in  phase  with  the 

light  pattern.  At  the  critical  intensity  lo  =  pkoo^/sTk-  the 
grating  in  the  shallow  traps  vanishes.  The  charge  grat¬ 
ing  in  the  deep  traps,  {  +  e)N,,  is  in  phase  with  the  light 
pattern  independent  of  intensity. 

Although  the  shallow-trap  charge  grating  can  be  either 
in  phase  or  180°  out  of  phase  with  the  light  pattern  (Fig.  2), 
the  total  space-charge  field  (hence  the  electro-optic,  two- 
wave  mixing  gain)  will  not  switch  signs,*  Since  only  the 
in-phase  components  of  the  charge  gratings  contribute  to 
the  space-charge  field,  the  light  pattern  will  always  be  in 
phase  with  the  total  charge  grating  and  90°  out  phase  with 
the  (electro-optic)  refractive-index  grating. 

Note  also  that  the  screening  gratings  remain  finite  as 
i  -►  0,  while  the  in-phase  gratings  vanish.  The  screening 
gratings  do  not  contribute  to  the  electro-optic  index  grat¬ 
ing.  However,  the  charge  transfer  between  the  deep  and 


Graling  wave  vector  squared,  k'  (Pm  *) 


Fig  2  .Stencly  Rlnte  ahnllow  trop  grnting  M,  na  «  function  of 
the  grntlng  wave  vector  nqiinred  for  three  writing  intensities. 
The  parameters  uised  are  ^  =  10  Hi,  P/st  =  100  inW/cm*,  Ng  = 
19  X  10'’cm‘’,  Afr  =  1.9  x  10"cm'’,  No  =  10'’cm*’,  xo’/xr’  = 
0.5  (Only  the  ratio  of  the  recombination  rates  affects  the  value 
of  the  steady-state  charge  gratings  I 
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the  shallow  levels  creates  an  absorption  (and  correspond¬ 
ing  refractive-index)  grating  that  diffracts  light  and  can 
therefore  be  observed.  Using  a  geometry  in  which  the 
effective  electro-optic  coefficient  vanishes,  Bacher  et  at. 
recently  reported  that  a  component  of  the  absorption  grat¬ 
ings  in  their  BaTiOj  sample  remains  finite  as  A  -►  0  and 
is  relatively  large  for  A  =  457.9  nm.’*  Their  results  are 
in  excellent  quantitative  agreement  with  the  predictions 
of  our  model.  The  change  in  sign  of  the  shallow-trap 
charge  grating  with  intensity  can  be  observed  also  by 
measuring  both  the  amplitude  and  the  phase  of  absorption 
gratings.  In  Section  3  we  sugge.'it  nnotluT  experiment  for 
observing  the  grating  in  the  shallow  traps. 

E.  Steady-State  Space-Charge  Field 

The  steady-stale  space-charge  field  is  determined  from 
the  spatially  oscillating  part  of  the  Fois.son  equation 

iA:£,  =  (iV,  -  A/,).  (25) 

f 

VVe  .substitute  Kq.s.  (20)  and  (21)  fur  A',  and  in  Poisson's 
equation,  Eq.  (25),  and  solve  for  the  space-charge  field  to 
obtain 


h  'T  h 

El  =  -im  —  TjUo)- - rr-T^’  (26) 

e  1  +  ^‘/^o 

where 

+  (27) 

Note  that  Eq.  (26)  for  the  spnee  rharge  field  has  the 

same  form  as  the  familiar  result  of  the  Kukhtarev  or 
Hopping  model except  for  the  intensity-dependent  factor 
0  <  T)  <  1.  In  addition  the  Debye  screening  wave  vector, 
given  by  Eqs.  (22)-(24),  is  a  function  of  light  intensity  in 
our  model. 

In  the  hypothetical  case  that  Sr  ~  0  and  the  density  of 
shallow  traps  far  exceeds  the  density  of  un-ionized  donors, 
Afr  »  Nd  ~  the  Debye  screening  wave  vector  and  the 
factor  77  will  decrease  as  intensity  is  increased,  and  tj  ->  0 
at  high  intensities.  Such  a  material  would  become  trans¬ 
parent,  and  its  photoconductivity  would  saturate  at  high 
illumination  intensities. 

Inspection  of  Eqs.  (26)  and  (27)  shows  that  1/2  <  77  <  1 
as  long  as  the  space-charge  field  is  an  increasing  function 
of  light  iiitensity,  which  is  the  case  for  most  crystals  stud¬ 
ied  so  far.  When  the  density  of  shallow  traps  is  compara¬ 
ble  with  the  density  of  donors,  Afr  ~  Nn,  and  all  the  donors 
are  un-ionized  in  the  dark  and  in  thermal  equilibrium, 
Na  =  0,  then  the  factor  77  varies  between  1/2  (for  lo  « 
P/st)  and  1  (for  In  »  P/ht).  Under  the  same  conditions 
the  Debye  screening  wave  vector  kn  and  the  space-charge 
field  vanish  for  low  intensities,  because  the  donor  level  is 
full,  and  a  spatial  redistribution  of  charge  is  not  possible. 
As  the  intensity  increases,  shallow  traps  are  populated 
and  deep  traps  ore  unpopulated,  making  kn  and  the  space- 
charge  field  increasing  functions  of  light  intensity.  These 
conditions  seem  to  hold,  for  example,  for  the  BaTiOj  sam¬ 
ple  of  Ref.  4  and  for  the  Free  and  Cat  crystals  of  BaTiOj 
used  in  Ref.  13.  If,  on  the  other  hand,  the  density  of 
filled  shallow  traps  remains  low  compared  with  the  density 


of  donors  ionized  in  the  dark  and  in  thermal  equilibrium, 
Mn  «  Na,  the  factor  77  is  nearly  unity  and  the  Debye 
screening  wave  vector  ko  varies  little  with  light  intensity. 
We  believe  that  most  BSO  crystals,*  ”  ”  and  some  BaTi03 
samples  (e.g.,  the  Swiss  and  Hop  crystals  of  Refs.  8  and  18 
and  the  Rob  crystal  of  Ref.  13),  fall  into  this  category. 

The  value  of  the  space-charge  field  measured  in  two- 
wave  mixing  experiments  is  often  less  than  that  predicted 
by  the  single-carrier  Kukhtarev  or  Hopping  model.  This 
discrepancy  is  usually  attributed  to  electron-hole  com¬ 
petition,””^*  which  reduces  the  space-charge  field  by  a 
A-depcndent  factor  0  S  !f(A)|  ^  1-  However,  in  some 
BaTiOs  crystals  shallow  traps  alone  reduce  the  space- 
charge  field  by  a  factor  1/2  <  77  s  1,  which  could  be  mis¬ 
taken  for  a  y^-independent  electron-hole  competition 
factor.  Since  the  thermal-equilibrium  dark  conductivity 
of  the  crystal  also  decreases  the  photorefractive  space- 
charge  field  at  low  intensities,  it  is  common  to  choose  the 
writing  intensity  such  that  the  photoconductivity  exceeds 
the  dark  conductivity.  However,  this  does  not  guarantee 
th.at  77  =  1,  because  the  intensity  that  is  nece.s.sary  to  .satu¬ 
rate  the  shallow  traps  (and  therefore  make  77  —  1)  is  often 
much  higher.  The  saturation  intensity  can  be  deter¬ 
mined  in  experiments  in  which  the  light-induced  erasure 
rate  of  a  photorefractive  grating  is  measured  as  a  function 
of  intensity.” 

Figure  3  shows  a  theoretical  plot  of  the  steady-state 
space-charge  field  as  a  function  of  the  square  of  the 
grating  wave  vector  k'  for  various  writing  intensities. 
Note  that,  as  the  light  intensity  increases,  the  amplitude 
of  El  increases  and  the  peak  of  the  curve  {k  =  kn)  moves  to 
higher  k  values.  Chang”  reported  that  the  Debye  screen¬ 
ing  wave  vector  kn  increased  by  —1.57!)  ns  the  intensity 
incren.s«'(l  from  /  =  10  x  10' ’  W/cm*  to  /  =  0.4  W/cm*  in 
their  sample  of  BaTiOs  (Hop  crystal).  Brest  et  at.*  showed 
that  ko  increased  by  ~5(Kc  between  /  =  2  x  10"*  W/cm* 
and  1=2  W/cm*  in  their  BaTiOj  sample.  Apparently 
Afo  «  Na  in  the  Hop  crystal,  while  Afo  ^  Na  in  the  BaTiOj 
sample  used  by  Brosl  et  al. 

Our  model  also  predicts  that  the  Debye  screening  wave 
vector  *0  is  a  function  of  the  wavelength  of  light.  Since 
the  density  of  donors  ionized  by  light,  Hq,  depends  on  the 
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Fig.  3.  Slendy-stnte  spncp-chnrge  field  £1  as  a  function  of 
.he  grating  wave  vector  squared  for  various  writing  intensities, 
(a)  /  =  0.001  W/cm*.  (b)  /  =  0.01  W/cm*.  (c)  I  =  0.1  W/cm’, 
(d)  /  =  10  W/cm’.  The  parameters  used  are  the  same  as  those 
for  Fig.  2. 
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ratio  of  the  light-excitation  cross  sections  from  the  deep 
and  the  shallow  traps,  S7<A)/sd(A),  the  effective  density  of 
photorefractive  traps  (and  ko)  is  expected  to  vary  with  the 
wavelength  of  light.  Many  resonrchers’ have  reported 
that  the  effective  density  of  photorefractive  traps  varies 
with  the  wavelength  of  light,  but  to  our  knowledge  no  ex¬ 
planation  has  been  given  before  this  study. 


3.  DARK  DECAY 


A.  Persistent  Photoconductivity 

In  the  absence  of  sheJIow  traps  the  conductivity  decays  to 
its  thermal-equilibrium  value  within  a  recombination  time 
(approximately  nanoseconds)  after  the  lights  are  switched 
off.  In  the  presence  of  sh2dlow  traps  the  conductivity 
drops  to  an  intermediate  value  within  a  recombination 
time  and  decays  to  the  thermal-equilibrium  conductivity 
in  microseconds  to  seconds  after  the  illumination  is 
switched  off  “  This  so-called  persistent  photoconductiv¬ 
ity  is  determined  by  the  density  of  free  carriers  in  the 
dark,  rtoiO- 

In  this  subsection  we  derive  an  equation  for  no(0  in  the 
dark  after  cw  illuniiiintion.  We  assume  that  the  recombi¬ 
nation  time  of  free  carriers  to  either  the  shallow  or  the 
deep  level  is  much  shorter  than  the  rela.xation  time  of  the 
density  of  filled  shallow  traps.  In  this  case  the  time 
derivative  of  no  in  Eq.  (3)  can  be  neglected  for  times  longer 
than  a  recombination  time.  Using  the  rate  equations, 
Eqs.  (l)-(3),  with  /o  =  0  and  the  low-intensity  approxima¬ 
tion,  relations  (7)  and  (9),  we  find  a  transcendental  equa¬ 
tion  for  the  density  of  filled  shallow  traps; 


'Mod) 

'Mod)  +  Na 

Mr 

(28) 

where  the  constant  is  determined  by  the  initial  conditions. 
The  density  of  filled  shallow  traps  decays  nonexponentially 
in  the  dark  unless  iVfn/A^  «  1.  The  density  of  free  carri¬ 
ers  in  the  dark  is  given  from  the  rate  equations,  Eqs.  (1) 
and  (2),  in  terms  of  Mo  by 


Oo(i)  = 


_ PMo(n _ 

yo^A  +  yrMr  -t-  (yo  -  yr)Mo{t) 


(29) 


Even  if  Mq/Na  «  1,  the  density  of  free  carriers  decays 
nonexponentially  in  the  dark  unless  jya  -  yr|A/o  « 
yo^'A  +  yrMf.  In  this  case  the  lifetime  of  free  carriers 
in  the  conduction  band  remains  constant  during  the  decay, 
and  the  density  of  free  carriers  decays  exponentially  in 
the  dark. 


B.  F.()uations  for  Dark  Ih-cay  of  Charge  Gratings 
When  the  lights  are  switched  off,  the  shallow  traps  begin 
to  depopulate  thermally.  A  charge  is  thermally  excited 
out  of  a  shallow  trap  and  retrapped  several  times  before  it 
recombines  with  a  deep  donor.  The  thermal  depopulation 
of  shallow  traps  in  the  dark  causes  the  space-charge  field 
to  decay  or,  in  certain  cases,  develop  in  the  dark.  It  is  also 
possible  for  the  space-charge  field  to  undergo  damped  o.scil- 
lations  in  the  dark  even  in  the  absence  of  an  applied  field." 

In  this  subsection  we  derive  equations  for  the  time  de¬ 
pendence  of  the  charge  gratings  in  the  dark.  We  assume 


that  the  grating  amplitudes  vary  slowly  compared  with 
the  recombination  rate  ofthe  free  carriers,  yod^A  +  ^o)  + 
yr(Mr  —  Mo),  so  that  we  can  neglect  the  time  derivative  of 
ni  in  Eq.  (3).  The  spatially  oscillating  parts  of  Eqs.  (l)-(6) 
with  lo  =  0  give  a  set  of  two  coupled  differential  equations 
for  the  grating  amplitudes  MfO  and  llfi(t): 

8^1  (A*  +  iTr*)yono  +  w 

IT  “  ■  (k^+  K^) 

O  -*•  yrOp  -  epno/c)iifo^,, 

(It’-tK’) 

dMi  (yono  -  epno/r)ffr*., 

IT  - - k^TT’ - 

(k^  -t  +  rr^o)  + 

where 

,,  I  eyoi-NA  +  No) 

’ 

tikai 

j  cyAMr  -  Mo) 

=  Ko*  +  Kt\  (31) 

Here  Ko"'  is  the  average  distance  an  electron  moves  be¬ 
fore  recombining  to  a  deep  trap,  and  Kr"'  is  the  average 
distance  an  electron  moves  before  recombining  to  a  shal¬ 
low  trap.  Note  that  no.  Mo  =  No,  Kt^,  and  Ko’  are  func¬ 
tions  of  time  in  Eqs.  (30)  and  (31).  These  equations  can 
be  solved  analytically  only  in  the  special  ease  tlrat  the  den¬ 
sity  of  filled  shallow  traps  is  low  compared  with  both  the 
total  density  of  shallow  traps  and  the  density  of  donors 
ionized  in  the  dark. 

C.  Special  Case  (M»  «  Na,Mt) 

In  this  subsection  we  derive  an  analytical  expression  for 
the  time  dependence  of  the  charge  gratings,  Ni  and  Mi, 
and  the  space-charge  field,  Ei,  in  the  dark.  We  consider 
the  case  for  which  the  density  of  shallow  traps  that  are 
filled  during  illumination  is  low  compared  with  both  the 
density  of  donors  that  are  ionized  in  the  dark  and  the  total 
density  of  shallow  traps; 


Mo/Na  «  1 ,  (32) 

Mo/Mr  «  1 .  (33) 

We  believe  that  these  conditions  are  met  in  most  BSO 
crystals  and  in  BaTiOj  crystals  with  a  large  dark-storage 
time.  If  Mo/Na  «  1  during  illumination,  the  steady-state 
space-charge  field  and  effective  trap  density  vary  little 
with  intensity,  and  the  photoconductivity  scales  nearly 
linearly  with  light  intensity.  In  BSO  photoconductivity 
scales  approximately  as  I”,  with  x  —  0.8-1.0,’'  and  the 
steady-state  space-charge  field  varies  little  with  intensity, 
so  that  Mo/Na  «  1  in  this  crystal.  The  photorefractive 
properties  of  BaTiOj  vary  greatly  from  sample  to  sample. 
For  example,  photoconductivity  scales  approximately  as  /' 
with  X  —  0.8-0.9  in  the  Hop  crystal  used  in  Refs.  8  and  18, 
the  Swiss  crystal  of  Ref.  18,  and  the  Rob  crystal  of  Ref.  13, 
so  that  Mo/Na  «  1  in  these  BaTiOs  samples.  However, 
the  condition  Mo/Na  «  1  is  not  valid  for  the  BaTiO]  sam¬ 
ple  used  in  Ref.  4,  in  which  the  effective  trap  density  is  a 
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strong  function  of  intensity,  or  for  the  Free  and  Cat  crys¬ 
tals  of  Ref.  13,  in  which  photoconductivity  scales  approxi¬ 
mately  as  1‘  with  X  —  0.6-0.7.  The  condition  that  the 
density  of  shallow  traps  filled  during  illumination  be  low 
compared  with  the  total.  Mo /My  «  1,  can  be  indirectly 
verified  in  dark  decay  experiments. 

Applying  the  condition  Mo/N^  «  1  to  the  transcenden¬ 
tal  equation  for  the  density  of  filled  shallow  traps,  Eq.  (28), 
we  obtain 

Mo(0  =  Mo(t  =  0)exp(-a/),  (34) 


(1  +  yrMy/yoiV,*) 

and  Mo(t  =  0)  is  the  density  of  filled  shallow  traps  at  <  =  0 
when  the  lights  are  switched  off.  Note  that  the  decay 
rate  a  of  the  filled  shallow  trap  population  is  slower  than 
the  thermal  e.xcitation  rate  (3  because  of  multiple  trapping 
of  charges  by  the  shallow  traps.  When  Mo/N^  «  1  and 
Mo/Mt  «  1.  the  density  of  free  carriers  will  decay  expo¬ 
nentially  in  the  dark  and  is  given  by 


/3Mo(t  =  0) 
YoA'a  +  yrMr 


exp{  -at), 


where  we  have  used  Eq  (34)  for  the  density  of  filled  shal¬ 
low  traps.  Substituting  Eq.  (34)  for  the  density  of  filled 
shallow  traps  and  Eq.  (36)  for  the  density  of  free  carriers 
into  Eq.  (30)  for  the  charge  gratings  and  after  some  mathe¬ 
matical  manipulation,  (see  Appendix  B),  we  obtain 

Mi(t)  =  exp[(/'  +  g  -  q)io  exp(-a<)J 

X  Aoio  exp(-at)F|l  - 2  -  6;  2(7fo  exp(-at)| 


+  Bo  exp(-aif)f  I  — 


6;  2qia  exp( 


A'i(f)  =  —  exp[(/'  +  g  -  q)ia  exp(-a()] 
c 


X  F  1 


^  |'^o[(/'  -  g  -  q)ia  exp(-at)  +  1-6] 
I  b  r 

+  Aofo  exp(-at)|(7  -  ^ 

I  b  r 

X  FI  2  -  — - ^  2  -  b,  2ui 

\  2  2q 


2-6;  2q^o  e.;p(-aO  1 


X  f|2  “  ^  3  -  i>i  2(/fo  exp(-at)| 

+  Bo  exp{-cibl)(f  ~  g  -  q) 

X  ~  ^xpi-aflj 


+  Bo  exp(-a6/)|q  - 

xf(i  +  ^-  ;^-1  +  6 

\  2  2q 


p(-a<)j|  • 


1  +  6;  2qio  ex 


Here  F  is  the  confluent  hypergeometric  function. 


Mod  =  0) 


is  the  fraction  of  the  shallow  traps  that  are  filled  at  t  =  0 
and  is  a  function  of  the  intensity  of  light  used  to  write  the 
grating, 

,  _  1  +  k^/Kp^ 

1  +  k^/K^  ‘ 

-  iHl  (1  ~  /kq^) 

‘  ~  (1  +  ' 

r  -  i  Mr  1  +  (k^  +  ko/^)jKT^ 

^  ~  2  N.  1  + 


^  2 


2  1  +  67k" 

1  Ky"  1  +  (6"  +  6os^)/xo" 

2  k"  1  + 


<7^  =  Uf  -  gf  -  ck], 

,  _  _  Xy"  (1  -  6os"/Ky") 

k"  (1  +  67k") 


r  =  [b(f  -  g)  -  cd]. 


1  +  6"/k" 


In  the  presence  of  an  applied  electric  field  Ep  the  defini¬ 
tions,  Eqs.  (40)  and  (41),  are  modified  by  replacing  with 
6(6  -  ieEp/kaT).  The  constants  of  the  material,  which 
are  independent  of  the  intensity  of  light  used  to  write  the 
grating,  are 


,  frcNo 


eyyMy 


k"  =  Ky"  +  Ka*.  (42) 


Note  that  the  lengths  6o,,"'  and  60s*'  that  characterize 
dark  decay  are  different  from  their  corresponding  values 
for  cw  illumination.  The  constants  Ao  and  Bo  are  deter¬ 
mined  by  the  amplitudes  of  the  gratings  in  the  deep  and 
the  shallow  traps  at  t  =  0  when  the  lights  are  switched 
off,  iVi(t  =  0)  and  Mi(t  =  0).  The  time  dependence  of  the 
space-charge  field  in  the  dark  is  determined  from  the  Pois¬ 
son  equation  and  inequality  (12)  with  Eqs.  (37)  and  (38) 
for  the  charge  gratings  in  the  shallow  and  the  deep  traps: 

F,(t)  =  ^[N,(t)  -  M,(t)].  (43) 

Dark  decay  of  photorefractive  gratings  can  be  observed 
by  introducing  a  weak  probing  beam  that  is  incident  upon 
the  grating  at  the  Hrngg  angle  and  by  measuring  the  in¬ 
tensity  of  the  diffracted  signal  as  a  function  of  time.  In 
the  limit  of  weak  dif '■action  efficiency,  the  diffracted 
signal  intensity  is  proportional  to  the  absolute  square  of 
the  space-charge  field;  lupit)  *  |Ei(f)|".  As  expected, 
Eqs.  (37)  and  (38)  predict  that  for  times  longer  than  the 
decay  time  of  the  filled  shallow-trap  population,  t  »  l/o, 
the  grating  in  the  shallow  traps  will  be  completely  era.sed, 
M){t  »  i/a)  -»  0,  while  a  portion  of  the  deep-trap  grat¬ 
ing  will  remain,  N|(t  »  1/a)  -»  Ao(l  -  6)/c;  hence 
Vo)  =  constant.  This  partial  erasure  of  a  pho¬ 
torefractive  grating  in  the  dark  that  is  caused  by  shallow 
traps  is  called  coasting.' 
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Fig.  4.  Grating  diffraction  efficiency  aa  a  function  of  time  in 
the  dark,  normalized  to  ita  value  at  t  =  0  for  varioua  writing 
intensities  in  BSO.  The  parameters  used  are  p  =  6  Hz,  fi/sr  = 
10  mW/cm’,  koA  =  150  *or’  =  100  Mtn’’,  ko’  =  02  /im"’, 

Kr^  =  0.02  pm 

The  temporal  behavior  of  the  charge  gratings  in  the 
dark,  Mi(t)  and  iV,(t),  depends  on  the  intensity  of  light,  Iq, 
that  is  used  to  write  the  grating,  the  grating  wave  vector, 
and  the  Debye  screening  and  diffusion  wave  vectors  of  the 
material.  The  only  intensity-dependent  quantities  in 
Eqs.  (37)  and  (38)  are  Ao(Io)  and  So(/o),  which  are  deter¬ 
mined  by  the  amplitudes  of  the  charge  gratings  in  the  two 
levels  during  illumination,  and  fo(fo),  the  fraction  of  shal¬ 
low  traps  filled  during  illumination,  fs(fo)  increases  as 
light  intensity  increases,  saturates  at  high  intensities  ac¬ 
cording  to  Eq.  (14),  and  is  much  less  than  1  in  the  approxi¬ 
mate  regime  that  we  are  considering. 

For  a  fixed  writing  intensity  the  temporal  behavior  of 
the  charge  gratings  in  the  dark  is  most  dramatically  af¬ 
fected  by  the  factor  q  in  the  argument  of  the  hypergeomet¬ 
ric  functions  and  by  the  sum  f  +  g,  which  appears  in  the 
exponent  of  the  exponential  prefactor.  All  the  other 
parameters  of  the  hypergeometric  functions  remain  of 
order  unity  for  all  values  of  the  grating  wave  vector.  For 
large  grating  wave  vectors,  k'‘  »  Aos^  k^A^,  the  sum  of 
f  +  g  and  q  are  less  than  or  equal  to  1,  so  that  q(a  «  1 
and  (f  +  g)(o  «  1.  In  this  case  the  hypergeometric 
functions  and  the  exponential  prefactor  in  the  expressions 
for  the  charge  gratings,  Eqs,  (37)  and  (38),  can  be  approxi¬ 
mated  by  the  first  two  terms  of  their  respective  series, 
and  the  decay  of  the  space-charge  field  can  be  described 
by  a  sum  of  two  exponentials.  This  prediction  can  be  used 
to  test  the  validity  of  our  assumption  that  the  shallow 
traps  are  onlv  partially  populated,  (o  ~  M^/Mj  «  1 

For  smaller  grating  wave  vectors,  the  time  dependence 
of  the  gratings  in  the  dark  is  more  complicated  and  de¬ 
pends  on  the  ratio  of  the  Debye  screening  wave  vectors  ftox 
and  kos  to  the  diffusion  wave  vectors  kq  and  kt-  The 
Debye  screening  wave  vector  is  typically  ~  10  p.m‘'  in 
both  BaTiOs  and  BSO,  whereas  the  diffusion  wave  vector 
in  BaTiOs,  «b.tio,  ~  24  /im’',  is  much  larger  than  that  in 
BSO,  >fB.so  ~  0.5  ^m"‘.  (Here  we  suppose,  for  the  sake  of 
argument,  that  the  Debye  screening  and  diffusion  wave 
vectors  for  the  deep  donors  are  of  the  same  order  of  mag¬ 
nitude  as  the  corresponding  wave  vectors  for  the  shallow 
traps,  koA  ~  kos  and  kd  —  xy.)  Hence  the  dark  decay  of 
gratings  with  small  grating  wave  vectors  will  have  sub¬ 


stantially  different  behavior  in  BaTiOs  and  in  BSO.  In 
Subsections  3.D  and  3.E  we  discuss  the  solutions  obtained 
above  for  the  dark  decay  of  photorefractive  gratings  in 
BSO  and  BaTiOj  crysUds. 

D.  Dark  Decay  in  BSO 

For  small  grating  wave  vectors,  k  <  ko,  and  fw  typical 
parameters  of  BSO,  xbso  ~  0-5  *nd  kt  —  10  m®”’. 
the  argument  of  the  hypergeometric  functions,  2q(o,  is 
much  larger  than  unity  because  q  —  10-10*,  so  that  many 
terms  of  each  series  have  to  be  retained  for  an  accuracy  of 
the  order  of  In  addition  the  exponential  prefactor  in 
Eqs.  (37)  and  (38)  deviates  from  a  simple  exponential  be¬ 
cause  the  sum  /'  +  g  and  q  become  large.  Hence  the 
functions  Afi(t)  and  iVi(t)  will  be  highly  nonexponential  in 
time  for  small-;^  gratings  in  BSO.  Note  that  although  the 
filled  shallow-trap  population  and  the  free-carrier  density 
decay  exponentially  in  the  dark,  the  dark  decay  of  the 
charge  gratings  and  the  space-charge  field  are  highly  non¬ 
exponential  in  time. 

Figure  4  shows  theoretical  plots  of  grating  diffraction 
efficiency  in  BSO  as  a  function  of  time  in  the  dark,  nor¬ 
malized  to  its  value  at  t  =  0  when  the  lights  are  switched 
off,  )£,(t)|  V|£i(0)|^,  for /fe  =  3.3  and  various  writing- 
beam  intensities.  Note  that  the  rate  and  the  total  amount 
of  decay  increase  as  writing  intensity  increases.  As  the 
writing  intensity  increases,  the  fraction  of  shallow  traps 
filled  during  illumination,  increases,  and  the  dark 
decay  of  the  photorefractive  grating  becomes  faster  and 
more  noncxponential.  Also,  since  there  are  more  charges 
stored  in  the  shallow  traps  at  higher  intensities,  more  of 
the  grating  will  decay  in  the  dark. 

Figure  5  shows  theoretical  plots  of  normalized  grating 
diffraction  efficiency,  |£i(t)|  V|£^i(0)|’,  in  BSO  as  a  func¬ 
tion  of  time  in  the  dark  for  gratings  of  various  wave  vec¬ 
tors,  k's,  written  at  an  intensity  Jo  =  1  W/cm*,  where  the 
shallow  traps  are  saturated.  Note  that  the  decay  rate  and 
the  total  amount  of  decay  are  larger  for  gratings  with 
smaller  k’s.  The  decay  of  gratings  with  large  wave  vec¬ 
tors  can  be  described  by  a  sum  of  two  exponentials,  and 
the  total  amount  of  decay  is  small.  For  gratings  with 
large  k's  in  BSO  the  grating  erasure  is  inefficient,  and  the 


Fig.  5.  Grating  diffraction  efficiency  as  a  function  of  time  in  the 
dark  normalized  to  its  value  at  (  ^  0  for  various  grating  wave 
vectors  in  BSO.  The  parameters  used  are  the  same  aa  those 
for  Fig.  4. 
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Fig.  6  Percent  coasting  C  as  a  function  of  the  grating  wave  vec¬ 
tor  squared.  The  parameters  used  for  BSO  are  the  same  as  those 
for  Fig  4,  and  the  parameters  for  BaTiOj  are  0  =  2  Hz.  BAr  = 
15  mW/cm®,  Ao/t’  =  260  Aor*  =  340  ko*  = 

1200  ^m'*,  vr’  =  200  Mm’’. 


photorefractive  grating  decays  in  the  dark  at  nearly  the 
same  rate  as  the  density  of  free  carriers.  Also,  it  takes  a 
large  charge  to  write  or  to  erase  a  grating  with  a  large  k 
(small  spacing),  so  that  the  charge  stored  in  the  shallow 
traps  during  illumination  is  not  enough  to  erase  a  sub¬ 
stantial  part  of  the  grating  in  the  dark.  On  the  other 
hand,  the  decay  of  gratings  with  small  wave  vectors  in  the 
dark  is  nonexponential  in  time,  and  the  amount  of  decay 
is  substantial.  In  BSO,  grating  erasure  is  quite  efficient 
for  small-i  gratings,  so  that  the  decay  of  the  grating  in  the 
dark  is  much  faster  than  the  decay  of  the  density  of  free 
carriers.  Also,  it  takes  little  charge  to  write  or  to  erase  a 
grating  with  a  small  k  (large  spacing),  so  that  the  charge 
stored  in  the  shallow  traps  during  illumination  is  suffi¬ 
cient  to  erase  nearly  completely  the  grating  in  the  dark. 

In  order  to  characterize  dark  decay  of  photorefractive 
gratings  without  having  to  confront  the  full  complexity  of 
the  solutions,  we  define  two  new  quantities: 


C  H  100 


/.„(t  =  0)  -  »  l/u) 

I.M  =  0) 


(44) 


is  the  percentage  of  the  signal  diffracted  from  the  pho¬ 
torefractive  grating  that  decays  in  the  dark  because  of 
shallow  traps  (coasting)  and 


is  the  decay  rate  of  the  diffracted  signal  at  <  =  0  when  the 
lights  are  switched  off.  Figures  6  and  7  show  the  percent 
coasting,  defined  by  Eq.  (44),  and  the  decay  rate  at  f  =  0 
as  functions  of  the  grating  wave  vector  in  BSO  for  a  writ¬ 
ing  intensity  /o  =  1  W/cm’.  Coasting  reaches  100%  for 
smaill  It’s  but  decreases  as  the  grating  wave  vector  in¬ 
creases,  eventually  reaching  a  plateau  for  k  2  ko^.  In¬ 
creasing  the  density  of  shallow  traps  increases  coasting. 


but  the  location  of  the  plateau  at  large  grating  wave  vec¬ 
tors  remains  fixed  at  k  —  Aoa-  The  initial  dark  decay 
rate  72  is  a  constant  for  smaU  k's,  begins  to  decrease  as  the 
grating  wave  vector  increases  when  k  —  kd,  and  reaches  a 
second  plateau  at  k  ~  koa-  The  dependence  of  the  initial 
dark  decay  rate  on  the  grating  wave  vector  is  the  same 
as  that  for  light-induced  grating  decay, ^  except  that  the 
characteristic  wave  vector  koA  for  dark  decay  is  different 
from  the  corresponding  wave  vector  for  cw  illumination. 
Also,  both  the  percent  coasting  C  and  the  initial  dark 
decay  rate  72  increase  with  increased  writing  intensity 
and  saturate  (Figs.  8  and  9),  showing  a  behavior  similar  to 
the  intensity  dependence  of  the  fraction  of  shallow  traps 
filled  during  illumination. 


E.  Dark  Decay  in  BaTiOj 

For  typical  material  parameters  of  BaTiOs  the  decay  of 
the  space-charged  field  in  the  dark  can  be  approximated 
to  order  fo’  by  a  sum  of  two  exponentials,  because  qfo  «  1 
and  (f  -t-  g)(o  «  1  for  all  values  of  the  grating  wave 
vector.  Figure  10  shows  the  theoretical  plots  of  |£i(l)|^/ 
|£i(0)|^  for  BaTi03  as  a  function  of  time  in  the  dark  for 
gratings  of  various  wave  vectors  written  at  a  fixed  inten¬ 
sity  7o  =  1  W/cm^.  The  total  decay  in  the  dark  increases 
with  increased  wave  vectors  in  BaTiOs  (opposite  the  trend 
for  BSO),  and  the  functional  form  of  the  decay  remains 
double  exponential  for  all  k 's.  As  the  grating  wave  vector 
increases,  grating  erasure  becomes  more  efficient  in  Ba¬ 
TiOj,  and  the  total  decay  in  the  dark  increa.ses.  However, 
the  amount  of  decay  in  the  dark  remains  small  for  all  k's. 
It  takes  a  large  charge  to  write  or  to  erase  a  grating  with 
a  large  k  (small  spacing),  and  there  is  not  enough  charge 
stored  in  the  shallow  traps  during  illumination  to  erase  a 
substantial  fraction  of  the  grating.  For  small-k  gratings, 
which  take  little  charge  to  erase,  the  shallow  traps  do  have 
enough  charge  to  erase  the  entire  grating.  However,  in 
BaTiOj  erasure  is  inefficient  for  gratings  with  small  k’s, 
so  that  the  shallow  traps  can  erase  only  a  small  fraction  of 


Fig.  7.  Initial  dark  decay  rate  72  as  a  function  of  the  grating 
wave  vector.  The  parameters  used  for  BSO  are  the  same  as 
those  for  Fig.  4.  and  the  parameters  for  BaTiOj  are  the  same  aa 
those  for  Fig.  6 
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Fig  8  Percent  coasting  in  the  dark  C  as  a  function  of  the  writ¬ 
ing  intensity  for  BSO.  The  parameters  u.sed  are  the  same  as 
those  for  Fig  4  The  curve  for  BaTiO)  has  the  same  shape. 


Writing  intensity  (mW/cm') 

Fig,  9  Initial  dark  decay  rate  f?  as  a  function  of  the  writing 
intensity  for  BSO  The  parameters  used  are  the  same  as  those 
for  Fig.  4.  The  curve  for  BaTiOs  has  the  same  shape. 

the  grating  in  the  dark  during  the  short  (few  seconds) 
time  that  they  have  before  they  are  depopulated. 

Figure  6  shows  a  plot  of  percent  coasting,  defined  by 
Eq.  (44),  as  a  function  of  the  grating  wave  vector  in  BaTiOj. 
Note  that  coasting  increases  as  the  wave  vector  increases 
in  BaTiOj,  opposite  the  trend  in  BSO,  with  ploteaus  at 
k  —  koji  and  k  ~  kd  (which  is  off  scale  on  the  horizontal 
axis).  As  in  the  case  of  BSO,  the  percent  coasting  in¬ 
creases  with  increased  light  intensity  and  saturates  at 
high  intensities,  because  more  charge  is  stored  in  the 
shallow  traps  at  higher  writing  intensities.  The  initial 
dark  decay  rate  R  of  the  signal  diffracted  from  a  grating 
in  BaTiOj  also  increases  as  the  grating  wave  vector  k 
increases  (Fig.  7).  R  has  the  same  k  dependence  as  the 
light-induced  erasure  rate,"  except  that  the  plateau  in 
Fig.  7  occurs  at  the  Debye  screening  wave  vector  that  cor¬ 
responds  to  dark  decay,  Jkos- 
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F.  Enhancement  of  the  Space-Charge  Field  in  the  Dark 
Inspection  of  Eq.  (30)  for  the  time  dependence  of  the  grat¬ 
ing  amplitudes  reveals  that  d(N\  -  Af|)/d(  can  be  positive. 
Hence  the  space-charge  field  can  grow  (or  have  damped 
oscillations)  in  the  dark,  even  in  the  absence  of  an  applied 
field."  Here  we  give  an  example. 

Suppose  that  the  charge  gratings  formed  during  illumi¬ 
nation  in  the  deep  and  the  shallow  traps  have  equal  mag¬ 
nitudes  and  opposite  signs  and  that  the  space-charge  field 
is  quite  small,  Ei  <*  ((iVil  -  |Afi|)  —  0.  This  can  occur,  for 
example,  when  a  grating  with  i  —  0  is  written  to  steaefy 
state  or  when  low-energy  pulsed  light  is  used  to  write  a 
grating  of  arbitrary  k  that  has  not  reached  steady  state. 
When  the  writing  beams  are  switched  off,  the  total  charge 
grating  and  the  resulting  space-charge  field  will  initially 
increase,  because  the  gratings  in  the  shallow  and  the  deep 
traps  decay  at  different  rates.  Figure  11  shows  a  theoreti¬ 
cal  plot  of  the  normalized  grating  diffraction  efficiency  in 


Fig  10.  Grating  diffraction  efficiency  as  a  function  of  time  in 
the  dark  normalized  to  its  value  at  (  =  0  for  various  grating  wave 
vectors  in  BaTiOj.  The  parameters  used  are  the  same  as  those 
for  Fig,  6 


Fig.  11.  Grating  diffraction  efficiency  as  a  function  of  time  in 
the  dark  normalized  to  its  value  at  (  =  0  for  BaTXls,  assuming 
that  the  charge  gratings  in  the  deep  and  the  shallow  traps  have 
equal  magnitudes  and  opposite  signs  at  t  s  o.  Note  that  the 
space-charge  field  develops  ’n  the  dark.  The  inset  shows  the 
decay  of  N|,  the  grating  in  the  deep  traps,  and  M\,  the  grating  in 
the  shallow  traps. 
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the  dark,  |£,(t)|^/|£i(f  =  0)P,  for  BaTiOa  for  Jb  =  10  /im'* 
and  initial  conditions  that  demonstrate  the  above  situ¬ 
ation.  The  inset  shows  the  time  dependence  of  the  grat¬ 
ing  amplitudes  Afi(t)  and  Ni(t).  Note  that  the  shallow-trap 
grating  decays  faster  than  the  deep-trap  grating.  Re¬ 
cently  Smirl  et  al.  observed  that  the  grating  diffraction 
efficiency  increased  in  the  dark  for  a  few  seconds  after 
illumination  of  a  BaTiOj  sample  by  two  SO-ps  writing 
pulses. Oscillatory  behavior  of  the  space-charge  field  in 
the  dark  (with  no  applied  field)  was  also  recently  observed 
in  BSO  and  can  be  understood  in  terms  of  our  model." 

SUMMARY 

In  summary,  we  have  solved  the  charge-transport  equa¬ 
tions  for  a  photorefractive  insulator  with  shallow  and 
deep  traps  and  have  derived  analytical  expressions  for 
the  photorefractive  charge  grating  and  space-charge  field, 
Debye  screening  wave  vector,  photoconductivity,  and  ab¬ 
sorption  at  steady-state  for  cw  illumination.  We  have 
shown  that,  if  sha'low  traps  can  accumulate  a  large  den¬ 
sity  of  charge,  then  the  photoconductivity  is  a  nonlinear 
function  of  light  intensity  and  that  the  photorefractive 
space-charge  field  and  the  Debye  screening  wave  vector 
are  strong  functions  of  the  intensity  and  the  wavelength 
of  light. 

We  have  also  solved  for  the  time  development  of  the 
space-charge  field  in  the  dark  in  an  approximate  regime, 
which,  we  believe,  applies  both  to  BSO  and  to  BaTiOo  crys¬ 
tals  with  large  dark-storage  times.  We  have  shown  that 
the  grating  in  the  shallow  traps  also  plays  a  significant 
role  in  the  dark  decay  of  the  photorefractive  space-charge 
field.  According  to  our  model,  even  if  conductivity  decays 
exponentially  in  the  dark,  the  decay  of  the  space-charge 
field  is  highly  nonexponential  for  gratings  with  small 
wave  vectors  in  BSO.  In  BaTi03  crystals  (with  long  dark- 
storage  times)  and  for  gratings  with  large  wave  vectors  in 
BSO,  the  grating  decay  consists  of  two  exponentials  that 
decay  to  a  constant  background  that  lasts  for  hours.  The 
amount  of  decay  in  the  dark  increases  with  increasing 
grating  wave  vectors  in  BaTi03  and  with  decreasing  grat¬ 
ing  wave  vectors  in  BSO.  We  have  also  shown  that  ther¬ 
mal  depopulation  of  shallow  traps  in  the  dark  can,  in 
certain  cases,  cause  the  photorefractive  space-charge  field 
to  increase  in  the  dark. 

APPENDIX  A:  CHANGES  FOR 
HOLE-DOMINATED  CRYSTALS 

The  following  recipe  converts  our  electron-dominated 
shallow-trap  model  and  its  results  to  a  hole-dominated 
model; 

1.  Replace  the  shallow  electron  traps  near  the  bottom 
of  the  conduction  band  by  shallow  hole  traps  near  the  top 
of  the  valence  hand. 

2.  Replace  light  excitation  of  electrons  to  the  conduc¬ 
tion  band  by  the  light  excitation  of  holes  to  the  valence 
band.  Hence  So  and  Sr  become  the  cross  sections  for  hole 
excitation  from  the  donors  and  shallow  traps,  and  yo  end 
yr  are  coefficients  of  hole  recombination  to  the  donors  and 
shallow  traps. 

3.  Make  the  following  substitutions  in  the  theoretical 
expressions:  e  -•  -e,  m  -•  ~fi.  Npa 

Mt  -  Af  ->  M,  and  M  -^Mr  -  Af;  No  is  unchanged. 


APPENDIX  B:  DERIVATION  OFM(f)  AND 
Af,(I)  (DARK  DECAY) 

Using  Eq.  (34)  for  the  density  of  filled  shallow  traps  and 
Eq.  (36)  for  the  density  of  free  carriers  in  Eq.  (30)  for  the 
charge  gratings,  we  obtain 

=  -[d  -  /ifo  exp(-at)]Af,  -  2/'fi)  exp(-ar)Ni , 

a  dt 

(Bl) 

—  =  ~{h  -t-  2gCo  exp(-at))Mi  -  cfo  exp(-aONi . 

a  dt 

(B2) 


The  coefficients  appearing  in  Eqs.  (Bl)  and  (B2)  are 
defined  by  Eqs.  (40)-(42).  We  change  variables  to  i  = 
exp(-at)  and  obtain  a  second-order  differential  equation 
for  Ml : 


d’M, 


2(A  +  g)(o  +  ~ 


dM, 

dx 


(ch  +  •ifgKo' 


(2fb 


cd)  b 
- -io  +  ^ 

X 


Af,  =-  0.  (B3) 


The  solutions  of  Eq.  (B3)  are  given  by 
M,(iox)  =  expl/'  +  g  -  qKox 

■) 


I  b  r 

2-6;  2q(oX  )  +  |  6;  2q(oX^ 


2q 


,  (B4) 


where  F  is  the  confluent  hypergeometric  function  and  Ao 
and  Bo  are  determined  by  the  initial  conditions.”  Equa¬ 
tion  (37)  for  the  time  development  of  the  shallow-trap 
grating  in  the  dark,  Afi(t),  is  then  obtained  by  changing 
back  to  the  time  variable  by  the  substitution  x  =  exp(-ar). 
The  amplitude  of  the  deep-trap  grating  in  the  dark,  Ni(t), 
given  by  Eq.  (38),  is  obtained  by  substituting  the  solution 
for  Mi{t)  into  Eq.  (B2). 
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Two  optical  beams  can  couple  in  a  photorefractive  crystal  without  using  the  electro  optic  effect.  Beam  coupling  is 
due  to  a  spatially  modulated  absorption  caused  by  the  rearrangement  of  trapped  charges.  We  use  these  gratings  to 
determine  the  effective  photorefractive  trap  density  for  several  barium  tilanate  crystals. 


In  a  photorefractive  effect,  light  rearranges  charges 
among  trapping  sites  in  a  crystal,  and  the  resulting 
electric  field  alters  the  crystal’s  refractive  index  by  the 
electro-optic  effect.  However,  if  the  polarizability  of  a 
full  trap  differs  from  that  of  an  empty  trap,  the  trap¬ 
ping  sites  themselves  will  alter  the  susceptibility  of  the 
crystal.  A  periodic  light  intensity  pattern  will  induce 
a  periodic  population  of  empty  and  full  trap  sites,  in 
turn  making  the  crystal's  susceptibility  periodic. 
This  trap  grating  can  couple  light  beams  even  in  the 
absence  of  an  electro-optic  effect. 

In  most  photorefractive  crystals  any  beam  coupling 
from  a  trap  grating  will  be  masked  by  the  much  larger 
coupling  from  the  electro-optic  grating.  In  this  Letter 
we  present  measurements  of  optical  beam  coupling 
caused  by  trap  gratings  alone,  using  a  geometry  that 
prohibits  electro-optic  beam  coupling.  Trap  gratings 
in  photorefractive  materials  have  been  observed  in 
lead-lanthanum  zirconate-titanate  ceramic.'  -  More 
recently,  the  effects  of  trap  gratings  have  been  noted 
in  GaAs^  ^  and  BaTiOa.®  We  present,  for  the  first  time 
to  our  knowledge,  the  use  of  trap  gratings  alone  to 
measure  the  effective  trap  density  in  photorefractive 
materials. 

Two-beam  coupling  by  a  trap  grating  has  a  unique 
signature:  it  causes  the  transmitted  energy  to  in¬ 
crease  or  decrease  in  both  beams.  (In  the  BaTiOa 
samples  studied  here  the  transmitted  energy  in¬ 
creases.)  This  is  in  contrast  to  coupling  by  an  electro- 
optic  grating,  in  which  one  transmitted  beam  gains 
energy  while  the  other  loses  energy.  Energy  is  con¬ 
served  in  trap-grating  coupling  since  the  grating  sim¬ 
ply  reduces  the  effective  absorption  for  both  beams. 

The  coupling  of  optical  beams  by  a  trap  grating  can 
be  explained  heuristically  as  follows.  Let  two  beams 
interfere  in  a  crystal,  creating  a  spatially  periodic  in¬ 
tensity  pattern.  Charge  carriers  from  trap  sites  will 
diffuse  out  of  the  bright  regions  and  accumult  ..e  in  the 
dark  regions.  If  the  (complex)  polarizability  of  an 
empty  trap  differs  from  that  of  a  full  trap,  the  spatially 
periodic  distribution  of  full  traps  will  cause  a  periodic 
change  in  the  crystal’s  optical  dielectric  constant.  For 
the  case  of  no  external  or  intrinsic  uniform  electric 
field,  the  distribution  of  charge  will  be  180”  out  of 
phase  with  the  light  pattern.  The  imaginary  part  of 
this  grating  alters  the  energy  of  each  of  the  optical 
beams,  while  the  real  part  alters  their  phases. 


After  charge  migration  the  brightly  lit  regions  of  the 
crystal  will  have  fewer  charge  carriers  in  the  traps  than 
the  darker  regions.  If  these  full  trap  sites  absorb  more 
than  the  empty  sites,  then  the  effect  of  charge  migra¬ 
tion  is  to  bunch  the  absorbers  away  from  the  light  and 
so  decrease  the  absorbed  energy.  Where  the  light  is 
the  brightest  the  absorption  is  now  the  least.  This 
reduction  in  absorption  can  be  large  only  if  the  absorp¬ 
tion  from  the  traps  is  large.  This  heuristic  picture 
only  shows  why  an  absorption  grating  can  increase  the 
transmission  of  both  beams.  In  order  to  investigate 
this  effect  quantitatively,  a  coupled-wave  solution 
must  be  performed. 

Consider  two  coherent  optical  beams,  having  elec¬ 
tric  fields  Ei#i  exp(iki  •  x  -  iu>C)  and  £2^2  explika  •  x  - 
iwt),  interfering  in  a  photorefractive  crystal.  The  re¬ 
sulting  optical  intensity  pattern  I(x)  =  Jo  Re[l  -F  m 
exp(ik,  •  x)],  with  its  modulation  m  =  2(ei  •  ko*)EiE2*/ 
(lEjl^  +  l£2l‘),  will  impose  a  periodicity  on  the  distri¬ 
bution  of  full  and  empty  traps,  giving  rise  to  a  trap 
grating  with  wave  vector  k*  =  kj  —  k2.  Here  cj  and  63 
are  optical  polarization  unit  vectors. 

The  crystal’s  relative  dielectric  tensor  e(x)  is 

((x)  —  (host  “h  (trapslx)  +  €eo(x),  (1) 

where  (host  is  the  crystalline  host  contribution,  is 
due  to  the  electro-optic  (Pockels)  effect,  and  (traps  de¬ 
pends  on  the  polarizability  tensors  of  full  and  empty 
traps,  Pfuu  and  Pempty* 

(traps(^)  Pfull^full(x)  "F  Pcmpty.^cmpty(x),  (2) 

where  we  have  assumed  a  single  species  of  active  trap 
sites.  The  spatially  periodic  component  of  the  tot^ 
dielectric  tensor  ((x)  couples  the  amplitudes  of  the  two 
optical  waves  Ej  and  £2-  Using  coupled-wave  equa¬ 
tions  and  assuming  that  lEzI  «l£il,  we  find  that  the 
intensity  I2U)  of  the  weak  beam  after  propagating  a 
distance  I  is 

liU)  “  /2(0)exp|[-a  +  7«bs(**)  +  7«)(**)]1|.  (3) 

where  a  is  the  total  background  absorption  coefficient 
and  7,bs(**)  and  7eo(**)  are  the  coupling  gains  per  unit 
length  due  to  absorption  gratings  and  electro-optic 
gratings,  respectively. 

For  simpliciW,  we  consider  a  single  charge-carrier 
m^el.®  ’  Let  JVfuu  and  jV,n.pty  be  the  spatial  average  of 
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Fig.  1.  Absorptive  coupling  versus  the  sine  of  the  internal 
beam-crossing  half-angle  in  four  strangely  named  BaTiOi 
crj’stals.  The  experimental  geometry  is  shown  in  the  inset. 
The  single  large-angle  data  point  for  each  crystal  was  ob¬ 
tained  by  directing  the  two  beams  into  opposite  faces  of  the 
crystal.  The  solid  curves  are  two-parameter  fits  to  Eq.  (6). 


the  full  and  empty  trap  site  densities,  respectively. 
The  coupling  gain  becomes 

“  TT  ~  Pemptv) 
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avoided  errors  from  bulk  light-induced  absorption"  by 
never  turning  the  light  beams  on  or  off;  instead,  we 
destroyed  the  absorption  grating  (and  thus  its  cou¬ 
pling)  by  rapidly  vibrating  the  reference  beam's  mir¬ 
ror.  When  we  stopped  the  vibration,  the  two-beam 
coupling  would  increase  from  zero  to  a  steady-state 
value  in  a  time  typical  for  photorefractive  charge 
transport. 

To  check  that  no  part  of  our  measured  coupling  was 
due  to  a  remnant  electro-optic  effect,  we  performed 
experiments  using  probe  and  reference  beams  of  equal 
intensity  (|mj  =  1).  As  expected  for  a  pure  absorption 
grating,  we  observed  gain  of  equal  sign  and  magnitude 
for  both  beams,  to  within  5%.  (Any  contribution  from 
an  electro-optic  grating  would  have  decreased  the  gain 
for  one  beam  and  increased  it  for  the  other.)  -As  a 
further  check,  we  made  one  beam  much  weaker  than 
the  other,  measured  its  coupling  gain,  and  then  rotat¬ 
ed  the  crystal  by  180°  around  the  c  axis.  We  obtained 
the  same  gain  to  within  2%;  any  electro-optic  coupling 
would  have  ruined  this  symmetry. 

To  determine  the  effective  charge  density,  we  mea¬ 
sured  7abs(^*)  versus  kg  in  several  BaTiOs  crystals. 
The  intensity  of  the  strong  beam  was  ~1  W/cm-,  and 
the  intensity  of  the  weak  beam  was  700  times  less  than 
that  of  the  strong  beam,  giving  a  modulation  of  m  < 
0.1.  The  coupling  gain  is  shown  in  Fig.  1,  where  is 
the  half-angle  between  the  two  optical  beams  inside 
the  crystal.  The  data  are  fitted  to 


where  the  effective  trap  density  Ng{{  = 

and  n  is  the  index  of  refraction.  In  Eq. 
(4)  we  have  made  the  polarizabilities  isotropic.  The 
inverse  Debye  screening  length  ko  in  Eq.  (4)  is  given  by 


h  -  =  V 


where  hgT/e  is  the  thermal  energy  per  charge,  t„  is  the 
vacuum  permittivity,  and  <dc  is  the  relative  static  di¬ 
electric  constant  of  the  crystal  along  the  grating  wave 
vector  k^.  Equations  (4)  and  (5)  allow  us  to  determine 
the  effective  density  of  traps  by  measuring  the  absorp¬ 
tion  grating  gain  as  a  function  of  kg. 

In  order  to  measure  y,b»ifig)  exclusively,  we  first  had 
to  eliminate  any  coupling  from  the  electro-optic  effect. 
This  is  accomplished  in  BaTiOs  by  choosing  both  of 
the  beam  polarizations,  &i  and  ^2,  and  all  to  be 
perpendicular  to  the  crystal’s  c  axis  (see  the  inset  of 
Fig.  1). 

Because  yabs(^g)  can  be  small,  extra  care  was  taken 
in  the  measurement  of  this  coupling  strength.  Any 
light  scattered  from  the  reference  beam  by  crystal 
imperfections  will  interfere  with  the  transmitted 
probe  beam  at  the  detector  and  introduce  a  systematic 
error.  This  noise  is  especially  strong  at  small  beam¬ 
crossing  angles.  This  scattered  light  was  largely 
blocked  by  a  250-Mm-diameter  pinhole  placed  lO  cm 
after  the  crystal  (the  probe  beam  was  focused  through 
this  pinhole  by  a  lens).  Still,  the  remaining  scattered 
light  could  cause  large  errors  in  the  measurement. 
These  were  eliminated  by  varying  the  relative  phase 
between  the  scattered  light  and  the  probe  light  by 
stepwise  changes  in  the  reference  beam's  path  length 
and  then  averaging  the  coupling  measurements.  We 


=  rabsCOs2  2fl, 


1  -h  kg^/k,-  ’ 


(6) 


where  Tabs  and  ko  are  fitting  parameters.  This  equa¬ 
tion  follows  from  Eq.  (4)  for  the  geometry  and  polar¬ 
izations  of  the  inset  in  Fig.  1.  We  find  that  kg  =  ko  for 
an  internal  full  crossing  angle  of  29int  =  4-7°,  depend¬ 
ing  on  the  sample  of  BaTiOs.  The  large-angle  data 
points  in  Fig.  1  were  obtained  by  directing  the  two 
beams  through  opposite  faces  of  the  crystal.  At  these 
large  angles  yaba(^g)  is  dominated  by  the  cos^ 
factor  in  Eq.  (6).  The  fitting  parameters  ko  and  F.bs. 
and  the  inferred  N,[r,  are  listed  in  Table  1. 


We  also  measured  two-beam  coupling  with  the  con¬ 
ventional  geometry  shown  in  the  inset  of  Fig.  2,  in 


Table  1.  BaTiOa  Crystal  Parameters” 


N,ff(cin  ■’) 

3.1  X  10'^ 

3.5  X  10'« 

4.5  X  10'« 

7.4  X  10'« 

k  sbft  6 
'*0 

0.038 

0.045 

0.046 

0.060 

jk  ro  6 

0.24 

0.25 

0.32 

0.37 

r.b,  (cm-') 

0.34 

0.44 

0.61 

1.13 

r„  (cm-') 

4.13 

4.3 

3.2 

4.6 

a  (cm-') 

0.74 

1.28 

1.67 

2.73 

lo 

4200 

3450 

4200 

4050 

tr 

130 

125 

130 

120 

40 

31 

48 

38 

tJu 

32 

28 

32 

34 

r,u/a 

0.46 

0.34 

0.37 

0.41 

“  The  fitting  parameters  are  r.h.,  and  r„,;  the  measured 

parameters  are  <„  and  a.  All  measurements  are  at  T  -  24°C,  X  • 
514.5  nm,  o  polarization,  and  a  total  intensity  of  1  W/cm’. 

*  Units  of  4irn/X  at  X  "  514.5  nm. 
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Fig.  2.  Electro-optic  coupling  versus  the  sine  of  the  inter¬ 
nal  beam-crossing  half-angle  in  four  BaTiO^  crystals.  The 
experimental  geometry  is  shown  in  the  inset.  The  solid 
curves  are  two-parameter  fits  to  Eq.  (7). 


which  the  electro-optic  coupling  is  large.  We 

oriented  the  crystal’s  c  axis  so  that  the  electro-optic 
grating  depleted  the  weak  beam.  Figure  2  shows  the 
measured  7eo(^s)  versus  kg.  Since  absorption  cou¬ 
pling  is  also  present  (and  can  be  as  large  as  ~10%  of  the 
electro-optic  grating  depletion  at  kg  =  we  used  the 
previously  determined  value  of  the  parameter  Tabs  to 
perform  a  two-parameter  fit  to 


f*e( 


2kg/k, 

1  +  kgVk„- 


-  r, 


abs 


1  +  kgVkJ^ 


(7) 


The  fitted  values  of  Feo  and  ko  for  these  electro-optic 
measurements  are  also  listed  in  Table  1.  In  the  geom¬ 
etry  of  the  inset  of  Fig.  2  a  much  larger  beam-crossing 
angle,  in  the  range  29i„t  =  26-45“,  was  required  to 
reach  kg  =  ko.  The  required  crossing  angle  is  large 
because  the  static  dielectric  constant  is  relatively 
small  («c  «  120)  when  is  parallel  to  6.  In  contrast, 
with  the  absorption  grating  geometry  of  the  inset  of 
Fig.  1,  kj  is  perpendicular  to  the  c  axis  of  the  crystal, 
and  the  dielectric  constant  is  large  (ca  »  4100),  making 
the  corresponding  crossing  angle  small.  From  Eq.  (5), 


^  34,  (8) 

so  that  the  absorption  grating  ko  should  be  approxi¬ 
mately  six  times  smaller  than  its  electro-optic  counter¬ 
part.  This  implies  that  N,tf  can  be  determined  in 
BaTiOs  by  measuring  two-beam  coupling  from  ab¬ 
sorption  gratings  at  small  crossing  angles.  This  is  a 
definite  advantage  over  the  usual  electro-optic  beam¬ 
coupling  technique,  in  which  the  required  large  cross¬ 
ing  angles,  with  their  varying  beam  overlap,  often  lead 
to  errors. 

We  note  that  the  data  of  Table  1  do  not  satisfy  Eq. 
(8)  precisely;  the  ratio  always  exceeds  the 

ratio  of  dielectric  constants.  This  may  be  caused  by 
inaccuracies  in  our  capacitance-bridge  measurement 
of  the  dielectric  constants,  although  the  data  are  with¬ 
in  10%  of  previously  published  values  (except  for  one 
sample).  Another  possible  error  is  the  fitted  value  of 
ko  obtained  from  our  electro-optic  coupling  experi¬ 
ments,  since  these  measurements  are  prone  to  errors 
caused  by  the  required  large  crossing  angles. 

We  can  show  that  two-beam  coupling  from  an  ab¬ 
sorptive  grating  can  never  completely  overcome  the 


crystal  absorption;  at  best  it  can  only  nearly  balance  it. 
The  total  absorption  u  is  due  to  the  host  crystal  and  to 
both  full  and  empty  traps:  a  =  oh.,-!  +  a., In  our 
simple  model  the  trap  absorption  is 

lull) 


^emply  ^tuU-  ^3) 


The  ratio  of  the  maximum  absorption  grating  gain  to 
the  total  absorption  loss  is  then 


abs 


^fuil  ^  ^empty 


‘  abs 


^full 


emptf 


-^full  +  -^empty 


(10) 


which  is  always  less  than  one.  In  Table  1  we  list  Fah-Za 
values  for  four  BaTiOa  crystals.  If  BaTiOs  obeyed  the 
simple  charge-transport  model  considered  here,  then 
Eq.  (5)  and  relation  (10)  could  also  provide  values  for 
the  separate  donor  and  acceptor  densities.  However, 
charge  transport  in  BaTiOs  is  known  to  be  consider¬ 
ably  more  complex  than  the  simple  model  presented 
here  (there  is  more  than  one  active  trap  level,  and  both 
electrons  and  holes  are  mobile).®  In  fact,  we  have 
observed  a  noticeable  dependence  on  intensity  in  our 
values  for  F^bs  and  k^,. 

In  conclusion,  we  have  used  absorption  gratings  in 
BaTiOs  to  determine  the  effective  trap  density. 
These  gratings  are  invariably  present  during  electro- 
optic  beam-coupling  experiments  and  can  lead  to  er¬ 
rors  if  not  accounted  for.^  We  also  note  that  trap 
gratings  can  occur  even  in  centrosymmetric  materials 
and  so  can  be  used  to  study  charge  tramsport  and 
excitation  in  any  material. 
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Two  coherent  light  beams  can  couple  in  any  absorbing  material  owing  to  a  light'induced  modulation  of  the 
material  s  dielectric  constant.  In  photorefractive  crystals  the  couplirig  caused  by  these  absorption  gratings  ap¬ 
pears  in  addition  to  any  electro-optic  coupling,  complicating  the  interpretation  of  data.  However,  in  contrast 
with  the  electro-optic  gratings  formed  by  charge  diffusion,  absorption  gratings  do  not  necessarily  vanish  as  the 
beam-crossing  angle  approaches  zero  if  there  is  more  than  one  absorbing  level.  We  show  that  a  plot  of  the  cou¬ 
pling  strength  of  the  absorption  gratings  versus  the  beam-crossing  angle  is  characterized  by  only  three  parame¬ 
ters,  independent  of  the  number  of  absorbing  levels.  We  use  absorption  gratings  with  a  two-level  model  to 
determine  experimentally  some  imjxirtant  crystal  parameters,  including  the  relative  density  of  donors  and  ac¬ 
ceptors  in  a  barium  titanate  crystal.  Our  values  agree  with  those  obtained  from  measurements  of  the  bulk 
light-induced  absorption  of  the  ciy'stal. 


1.  INTRODUCTION 

The  photorefractive  effect  has  outgrown  its  early  models. 
These  models  assume  that  charges  are  trapped  by  both 
donor  and  acceptor  levels  in  a  crystal,  but  they  also  as¬ 
sume  that  the  charges  can  be  excited  from  only  one  of 
these  levels.'-’  These  models  predict,  for  example,  that 
the  photoconductivity  inc;-eases  linearly  with  intensity 
and,  if  the  dark  conductivity  is  small  compared  with 
the  photoconductivity,  that  the  photorefractive  coupling 
strength  and  the  effective  Debye  screening  length  are  in¬ 
dependent  of  optical  intensity.  Also,  these  modeb  predict 
that  the  magnitude  of  the  two-beam  coupling  coefficient  is 
the  same  whether  a  beam  is  depleted  or  amplified.  How¬ 
ever,  none  of  these  predictions  is  true  in  the  photorefrac¬ 
tive  crystal  BaTiOs. 

Much  of  the  anomalous  behavior  of  photorefractive 
BaTiOj  can  be  explained  if  charges  are  permitted  to  be 
optically  excited  from  more  than  one  level.  For  example, 
Holtmann’  and  also  Mahgerefteh  and  Feinberg*  recently 
explained  the  sublinear  dependence  of  the  photoconductiv¬ 
ity  of  BaTiO]  by  using  a  model  that  included  an  additional 
trap  site  level  or,  equivalently,  by  permitting  charges  in 
both  the  donor  and  acceptor  levels  to  be  excited  by  light. 
A  multilevel  model  also  accounts  for  the  observed  inten¬ 
sity  dependence  of  the  photorefractive  coupling  strength 
and  the  effective  Debye  screening  length  in  BaTiOs.*’ 
Motes  and  Kim*  showed  that  part  of  the  asymmetry  be¬ 
tween  gain  and  depletion  in  two-beam  coupling  is  caused 
by  the  bulk  light-induced  absorption  of  the  crystal,  and 
Brost  et  al.^  showed  that  light-induced  absorption  requires 
more  than  one  active  level  in  the  crystal.  Alekseev- Popov 
et  al*  showed  that  for  a  single  photoactive  level  the  cou¬ 
pling  asymmetry  in  photorefractive  materiab  can  also  be 
caused  by  a  spatial  modulation  of  the  absorption  because 
this  absorption  grating  produces  either  gain  or  loss  for 
both  of  the  optical  beams.**'' 

The  above  papers  established  the  presence  of  absorption 
gratings  and  the  existence  of  at  least  two  photoactive  lev- 
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els  in  BaTiOs.  In  this  paper  we  combine  these  two  con¬ 
cepts  by  investigating  the  effects  of  absorption  gratings 
when  there  is  more  than  one  active  level.  We  solve  the 
band-conduction  model  and  obtain  expressions  for  the 
steady-state  two-beam  coupling  gain  due  to  absorption 
gratings  as  well  as  to  electro-optic  gratings.  Our  two- 
beam  coupling  exp>eriments  clearly  reveal  an  intensity  de¬ 
pendence  of  the  absorption-grating  coupling  strength  -y,),,, 
the  electro-optic-grating  coupling  strength  y«„  and  the  in¬ 
verse  effective  Debye  screening  length  ko.  Our  multilevel 
model  predicts  all  these  effects.  The  model  also  predicts 
that  more  than  one  trapping  level  can  cause  an  offset  in 
the  coupling  constant  so  that  the  absorption-grating 
gain  does  not  vanish  as  the  magnitude  of  the  grating  wave 
vector  k,  approaches  zero.  This  absorption-grating  offset 
also  appears  in  all  electro-optic  beam-coupling  measure¬ 
ments,  PS  we  will  demonstrate  in  Subsection  3.C.  We 
measured  this  offset  in  several  crystals  of  BaTiOa,  and  we 
present  data  for  the  variation  of  this  offset  with  intensity. 
By  fitting  our  data  to  the  special  case  of  one  active  donor 
level  and  one  active  acceptor  level,  we  determine  the  ratio 
of  the  densities  of  donor  and  acceptor  sites,  as  well  as 
other  material  parameters  of  one  of  our  crystals. 

2.  THEORY 

A.  Band-Conduction  Model  for  Multiple  Levels 
We  derive  expressions  for  the  two-beam  coupling  gains  per 
unit  length  of  absorption  gratings  and  electro-optic  grat¬ 
ings  for  the  case  of  I  levels,  some  of  which  are  electron 
donors  and  others  of  which  are  electron  acceptors.  We 
will  show  that  the  absorption-grating  gain  as  a  function  of 
the  magnitude  of  the  grating  wave  vector  k,  contains  an 
offset  term,  which  does  not  exist  in  a  single-level  model. 
Additionally,  we  will  show  that  the  functional  dependence 
of  the  gain  on  k,  is  independent  of  the  number  of  photo¬ 
active  levels. 
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We  consider  only  one  type  of  charge  carriei.  either  elec¬ 
trons  or  holes  but  not  both  The  band-conduction  model 
for  an  arbitrary  number  of  trap  levels  is  described  bv  the 
following  set  of  equations; 


=  (li,  .  s,/).'/ 


y.nS',^. 


(1) 


i  =  e^inE  ksTf^n, 


r  diV/  an  V  •  j 

f  ^ ±  —  +  - -  =  0, 

dt  /  dt  e 


(2) 

(3) 


V  E 


2  (f/iV/  -e  r  n 


(4) 


where  A'T  and  Nf  are  the  number  densities  of  the jth  sites 
that  are  empty  and  full,  retpectively,  of  the  mobile  charge. 
(By  definition,  the  total  trap  density  of  the  yth  level  is 
=  -y/  +  Aj®.)  In  Eq.  (1)  n  is  the  number  density  of 
charges  in  the  appropriate  band,  and  the  optical,  thermal, 
and  recombination  constants  for  the  yth  level  are  denoted 
by  s, ,  /3j ,  and  y. ,  respectively.  In  Eq.  (2)  j  is  the  total 
current  density,  kg  T  is  the  thermal  energy,  e  is  the  magni¬ 
tude  of  the  electric  charge,  m  is  the  mobility  of  the  charge 
carrier,  and  E  is  the  electric  field.  In  Eqs.  (2)-(4)  the 
upper  or  lower  sign  applies  according  to  whether  the  charge 
carriers  are  holes  or  electrons,  respectively.  In  Eq.  (4)  e  is 
the  relative  dc  dielectric  constant  of  the  crystalline  host, 
and  fo  is  the  permittivity  of  the  vacuum. 

The  factors  and  in  Eqs.  (3)  and  (4)  denote  the  sign 
of  the  charge  at  full  and  empty  sites,  respectively,  of  the 
yth  level.  The  values  of  and  depend  on  whether 
the  site  is  an  electron  donor  or  acceptor  and  on  the  type  of 
charge  carrier.  For  example,  if  the  mobile  charges  are 
holes,  then  =  0  and  =  -1  for  acceptor  levels,  while 
-  +1  and  Ij®  =  0  for  donor  levels.  These  terms  are 
a  bookkeeping  device  used  to  ensure  charge  neutrality, 
but  they  play  no  role  in  our  subsequent  results  since  they 
appear  only  as  a  difference  in  the  formulas.  In  general, 
=9-1  for  holes  and  =  -1  for  electrons. 

For  clarity,  we  have  neglected  the  photogalvanic  effect, 
as  well  as  any  externally  applied  electric  field.  Although 
Eqs.  (l)-(4)  can  also  be  solved  if  these  effects  are  in¬ 
cluded,  the  results  are  cumbersome.  In  any  case,  for  the 
absorption-grating  geometry  used  in  Subsection  3.A,  the 
photogalvanic  effect  is  forbidden  by  the  crystal’s  symme¬ 
try,  and  no  external  field  was  applied  during  the  experi¬ 
ments.  Equations  (l)-(4)  and  the  results  derived  from 
them  can  also  be  generalized  to  the  case  of  a  continuous 
distribution  of  levels.  However,  we  find  that  such  a  gen- 
erali;.ation  adds  no  new  insights  to  the  interpretation  of 
our  experiments. 

In  order  to  recover  the  one-active-level  model."  we  set 
/  =  2  in  Eqs.  (3)  and  (4)  and  make  one  of  the  levels  the 
active  donor  level  and  the  other  an  inactive  acceptor  level 
by  setting  its  recombination  constant  and  its  optical  and 
thermal  excitation  rates  all  equal  to  zero. 

Consider  two  coherent  optical  beams  with  electric  fields 
Re[Ei^i  exp(iki  •  z  -  i<vt)]  and  Re[E2ej  exp(tk]  ■  z  - 
imt)]  intersecting  at  a  full  crossing  angle  2$^^  measured 
inside  a  photorefractive  crystal.  The  resulting  optical  in¬ 
tensity  is /(z)  =  /Re[l  -(-  m  expfikf  •  z)],  where  the  modu¬ 
lation  is  given  by  m  a  2(^,  Ca*)E,£2V(|E,|’‘  +  jEjl*),  the 


\!  .  -  N 


grating  wave  w.ti  r  k.  =  W;  -  k..  .ind  I  is  the  total  av¬ 
erage  intensity  Hrie  e ,  and  Cj  are  the  unit  polarization 
vectors  of  the  incident  i  ptical  beams.  For  m  «  1  we 
can  approximate  the  nun.ber  den.sity  of  full  sites  of  the,;th 
level  by  Sf  =  .V  /  [.V  /  explik,  ■  z)  -e  t.c.]  '2.  The 

linearized  solution  for  the  first-order  term  .V  /  is 


=  m.V 


U,',  -I-  d)(/) 

^  Sj  I  j  1  -r  kg- /kohl) 


(5) 


where  N/"  is  the  intensity-dependent  effective  number 
density  of  the  yth  level  [N/'’iI)  =  A',/(A’,  -  A’ o^);Al  ]  . 
The  term  Aj"^^  is  equivalently  written  as  =  A’  /^(l  - 
fj ),  where  fj  is  the  fraction  of  full  sites  of  the  jlh  level.  The 
steady-state  filling  fraction  fj(I)  =  yjno{I)l[lij  +  s,I  + 
yjtJol/)]  is  a  complicated  function  of  intensity  because  it 
depends  on  the  average  density  of  free  charge  carriers. 
no(I),  which  varies  nonlinearly  with  intensity.  The  par¬ 
ticular  functional  form  of  noil)  depends  on  the  number  of 
active  levels.  The  magnitude  of  the  grating  wave  vector 
is  kg  =  {2noj/c)sin  6,„„  where  n  is  the  crystal's  index  of  re¬ 
fraction  at  optical  frequency  tu,  and  9,„  is  the  crossing  half¬ 
angle  between  the  two  beams  inside  the  crystal.  The 
effective  inverse  screening  length  koj  for  the.'th  level  is 
defined  by  ko/ll)  =  e^N/’hD/eei.kgT,  and  the  total  effec¬ 
tive  inverse  screening  length  is  defined  by  ko^il)  = 
e^no(/)/Mo*flT  +  ki^hl)-  The  parameter  dj  in  Eq.  (5) 
is  a  function  of  the  thermal  and  optical  excitation  rates 
from  the  different  levels: 


The  two  terms  in  the  last  factor  in  the  numerator  of 
Eq.  (5)  may  be  understood  physically  as  follows.  The  term 
proportional  to  kg^  arises  from  charges  that  are  excited  in 
one  location,  migrate,  and  are  trapped  elsewhere,  as  de¬ 
picted  in  Fig.  1(a).  In  the  absence  of  any  uniform  dc  elec¬ 
tric  field  these  charges  are  propelled  only  by  diffusion, 
and  so  their  contribution  to  the  spatially  varying  number 
density  Nj/  is  expected  to  scale  as  kg‘  for  small  spatial 
frequencies,  just  as  in  the  one-active-level  model.  How¬ 
ever,  a  new  term  d>j  appears  in  the  numerator  of  Eq.  (5);  it 
is  caused  by  charges  that  are  excited  from  one  level  and 
recombine  into  another  level  without  diffusing,  as  shown 


(a)  (b) 

Fig.  1.  (a)  Diffusive  charge  transport;  (b)  no  diffusion. 
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m  Fip-  1(h),  rhe>e  'wu  ;  ■'ocs.'s.-es  ,>f  aj  fharuo  ditfusion 
and  'Ml  local  charc\  >  xcit.-.', h'O  hotwoen  U>\ei^  withs  ut  dif¬ 
fusion  are  linked  by  tu-  Ai  and  fii  To  our  knouledce. 
the  presence  of  thi,-  i.-  term  wa.-.  first  derived  analytically 
by  Tayebati  and  M.ihcer‘  fteh  "  and  independently  by 
Knva'zkov  and  L.oba-.ov  for  the  special  case  of  two  ac¬ 
tive  levels. 

B.  Absorption-Grating  (lain 

We  now  use  these  results  to  derive  an  expression  for  the 
absorption-grating  gain  per  unit  length  coefficient  The 
spatially  varying  relative  dielectric  constant  r,r,p,(x)  pro¬ 
duced  by  the  trap  sites  of  the  crystal  is  given  by 

fs.^,o,X'  =  ^  pd^.V^^ixl,  (7) 


Note  that  the  offset  'I'l/l  depends  on  the  difference  be¬ 
tween  the  imaginary  parts  of  Ap  lor  different  levels  If 
this  difference  is  cero.  the  offset  disappears.  Both 
and  ‘hi/i  depend  on  the  optical  frequency,  primarily 
through  the  spectral  response  of  the  different  polarizabili¬ 
ties,  In  the  case  of  one  active  level.  is  zero,  since  6 
vanishes 

The  offset  term  il)(/)  is  the  grating  analog  to  the  bulk 
light-induced  absorption  discussed  in  Ref.  7,  in  which  a 
spatially  uniform  light  beam  alters  the  populations  of  the 
various  trapping  levels.  Since  the  polarizabilities  of  full 
and  empty  traps  are  different  in  general,  the  bulk  absorp¬ 
tion  of  the  crystal  can  change  with  the  light  intensity. 
The  change  in  the  bulk  absorption  of  the  crystal.  Aadi.  is 
given  by 


where  p  "  and  p.^  are  the  polarizabilities  of  the  full  and 
empty  trap  sites,  respectively,  of  the yth  level.  Note  that 
this  effect  is  local:  the  change  in  the  polarizability  at  lo¬ 
cation  X  IS  due  only  to  the  occupation  of  the  various  trap¬ 
ping  sites  at  that  location.  [This  is  in  contrast  with  the 
usual  electro-optic  iPockeis)  grating,  where  a  charge  at 
one  place  produces  an  electric  field  that  alters  the  crystal's 
refractive  index  elsewhere.]  Using  Eqs.  (5)  and  (71  and 
the  usual  coupled-wave  approach,  we  find  that  the  imagi¬ 
nary  part  of  the  polarizabilities,  i.e.,  the  absorption, 
cau.ses  a  change  in  the  transmitted  energy  of  the  two 
beams.  In  the  undepleted-pump  approximation  the  in¬ 
tensity  of  the  weak  beam  grows  (or  decreases,  according 
to  the  particular  crystal)  exponentially  with  a  gain  per 
unit  length,  y,t».  given  by 


/,  kg) 


1  +  [V*o(/)]= 


where  is  given  'oy 


(8) 


=  —  2-V/'i^4~^,]lni(Ap.)  (9) 

ac  ,t;  \l3j*sTl 

and  Ap.  =  p/  -  p/,  .Note  that  the  inverse  screening 
length  koil)  becomes  intensity  dependent,  as  mentioned  in 
Subsection  2. A. 

For  comparison,  the  coupling  gain  per  unit  length  in  the 
simple  one-active-level  model  is  given  by'‘ 


jkg)  =  r. 


1  >  tkg/ka}- 


ex 


(10) 


In  the  low-intensity  limit,  i.e.,  when  not/)  is  negligible, 

IS  independent  of  intensity  in  Eq,  (lOl, 

The  most  significant  difference  between  the  single-level 
and  multilevel  models  is  the  appearance  of  an  offset  term 
'J’l / 1  in  Eq.  (8),  where 

'hi)  =  -  -  2.V;^(/)d.,(/)(~^i^]lm(Ap,).  (11) 

nc,-j  t-  s^// 


If  the  number  density  rinil)  of  free  carriers  contributes 
negligibly  to  the  inverse  screening  length  (low-intensity 
limit),  one  can  show  from  Eqs,  (5),  (6),  and  (11)  that 


\lij  +  S,ll 


X  Im(Ap^  -  Ap.) . 


(12) 


Aa(/)  =  —  V[.V,/(/)  -  V/(0)]Im(Ap,).  il3) 
ac  ' 

In  Eq.  (13)  we  have  neglected  the  absorption  of  any  free 
charges  in  the  band. 

Both  the  offset  term  <J>(/)  and  the  light-induced  absorp¬ 
tion  coefficient  Aq(/)  result  from  the  redistribution  of 
charge  among  different  levels  at  the  same  spatial  location. 
Nevertheless,  these  coefficients  are  not  the  same.  The 
offset  term  originates  from  diffraction  off  a  grating. 
This  is  a  coherent  process,  unlike  bulk  light-induced  ab¬ 
sorption,  which  does  not  require  interference.  Also,  it 
can  be  shown  that  <t>(/)  tends  to  zero  at  low  and  high  opti¬ 
cal  intensities,  while  in  general  the  light-induced  absorp¬ 
tion  saturates  at  a  nonzero  value  at  high  optical  intensities. 

Because  of  the  offset  term  (hi/)  in  Eq.  (8),  the  gain  per 
unit  length,  y^{J,kg),  does  not  vanish  as  kg  approaches 
zero.  Note  that  a  grating  cannot  be  defined  when  kg  =  0, 
In  fact,  our  beam-coupling  approach  breaks  down  when 
the  grating  spacing  becomes  comparable  with  the  spot  size 
of  the  smaller  optical  beam. 


C.  Electro-optic  Gain 

The  electro-optic  gain  per  unit  length  in  the  multilevel 
model  has  the  surprisingly  simple  form^ 


(i.kg)  =  r^(/) 


2kg/k,(I) 

1  -h  kg'^ik.M) 


ex  ■  czi' 


(14) 


where  the  dependence  on  k,  is  the  same  as  in  the  single- 
level  model.  The  intensity  dependence  of  the  maximum 
gain  per  unit  length.  r,„(/),  is  now  given  by  a  weighted 
sum  similar  in  form  to  Eq.  (9); 


U/)  = 


2nc  e  kail)  (ft  -r  sj} 


(15) 


where  r,fr  is  the  effective  Pockels  coefficient.  An  offset 
does  not  appear  in  the  electro-optic  gain;  the  ft  terms 
cancel  out  exactly.  Physically,  these  terms  cancel  because 
the  electro-optic  effect  requires  a  space-charge  field,  and 
exciting  a  charge  from  one  level  to  another  at  the  same 
location  does  not  produce  an  electric  field. 


3.  EXPERIMENT 

We  measured  the  two-beam  coupling  gain  due  only  to  ab¬ 
sorption  gratings  by  using  a  geometry  in  which  electro¬ 
optic  coupling  was  effectively  eliminated.  In  BaTiOj  the 
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Fig.  2.  Two-beam  coupling  absorption  grating  gain  per  unit  length,  versus  internal  half-angle  6^  in  BaTiOj  (the  Free  crystal)  at  six 
intensities  for  A  =  488  nm.  The  solid  curves  are  fits  to  Eq.  (8).  The  gain  does  not  vanish  as  the  crossing  angle  goes  to  zero,  but  it 
reaches  an  offset  value  <J>.  In  the  inset  the  offset  can  clearly  be  seen  to  be  negative.  The  magnitude  of  the  offset  and  the  absorption- 
gratinggain  both  vary  with  intensity. 


electro-optic  coupling  vanishes  if  the  c  axis  of  the  crystal 
is  aligned  perpendicularly  to  the  plane  of  incidence  and  if 
two  beams  (which  we  call  the  reference  and  the  probe  beam) 
au-e  polarized  in  the  plane  of  incidence,  making  them  ordi¬ 
nary  rays  in  the  crystal  The  reference  beam  (beam  2) 
was  always  at  least  ten  times  more  intense  than  the  probe 
beam  (1),  so  that  we  were  always  in  the  low-modulation, 
undepleted-pump  regime.  We  define  an  experimental 
coupling  gain  per  unit  length,  y,  by 

1  ,  /p„*,(with  a  grating  present) 

y  —  —  [n  -  ,  (16) 

L  [fprob.! without  a  grating  present)] 

where  f,^  is  the  intensity  of  the  transmitted  probe  beam 
and  L  is  the  interaction  length.  As  Eq.  (16)  implies,  we 
want  to  measure  that  gain  caused  by  diffraction  from  a 
grating  and  not  from  any  light-induced  change  in  the  bulk 
absorption.  We  accomplish  this  by  never  turning  off  the 
optical  beams;  when  we  need  to  eliminate  the  grating,  we 
wash  it  out  by  rapidly  vibrating  one  of  the  mirrors  in  the 
reference  beam’s  optical  path.  In  this  way  we  eliminate 
any  contribution  from  light-induced  absorption  because 
the  toUd  intensity  incident  on  the  crystal  is  never  altered. 
More  details  on  this  experimental  procedure  are  given  in 
Ref.  11. 


the  data  near  the  origin.  A  single-level  model  would 
require  the  absorption-grating  coupling  to  pass  through 
the  origin^;  this  clearly  does  not  occur  here.  Figure  3(a) 
shows  the  absorption-grating  gain  per  unit  length  in  the 
same  crystal  at  A  =  458  nm  and  A  =  488  nm.  (We  also 
performed  experiments  at  A  =  515  nm  and  A  =  476  nm.) 
At  ail  these  wavelengths  the  gain  changed  similarly  with 
intensity,  but  the  size  of  the  offset  decreased  with  in¬ 
creasing  wavelength.  At  A  =  515  nm  the  offset  was  so 
small  that  we  missed  it  in  our  previous  study.“  This 
absorption-grating  offset  must  still  be  present  in  a  geome¬ 
try  that  permits  an  electro-optic  grating.  This  accounts 
for  the  offset  seen  in  Fig.  3(b),  which  was  obtained  with 
the  crystal  orientation  shown  in  the  inset  and  which  per¬ 
mits  electro-optic  beam  coupling  by  means  of  the  Pockels 
coefficient  ru. 

In  order  to  compare  the  intensity  dependence  of  the  off¬ 
set  <!>(/)  with  the  theoretical  model,  we  must  choose  the 
number  of  active  levels.  The  simplest  multilevel  case  is 
to  assume  that  there  are  only  two  levels:  one  active  donor 
level  and  one  active  acceptor  level.  We  also  assume  that 
only  hole  conduction  occurs,  and  we  ignore  thermal  excita¬ 
tion  from  the  deep  donor  level  but  not  from  the  shallow 
acceptor  level.  With  these  approximations  we  find  that 


A .  Absorption-G  rati  ng  Measurements 
Figure  2  shows  the  measured  two-beam  coupling  gain  per 
unit  length,  due  to  absorption  gratings  in  one  BaTiOj 
crystal  (called  the  Free  crystal).  Here  we  have  fixed  the 
wavelength  at  A  =  433  nm  and  varied  the  crossing  angle 
between  the  two  optical  beams.  We  varied  the  total  inten¬ 
sity  of  the  two  beams  over  a  range  of  100  while  keeping  the 
ratio  of  their  intensities  fixed.  The  solid  curves  in  Fig.  2 
are  fits  to  Elq.  (8).  The  inset  of  this  figure  is  a  blowup  of 


4,(7)  =  2^  — _ Im(App  -_8Pa)_  . 

Na  -  Ndo'  No  -  No/ 


The  intensity  dependence  of  No/(I)  is  given  by 


.  No  +  N^±  [(No  +  -  iNoN^Cr 

No/(I)  = - — - -  (18) 
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Fig.  3.  Two-beam  coupling  gain  pet  unit  length  at  t  =  458  nm 
and  A  =  48£  nm  in  BaTiOj  (the  Free  crystal)  at  /  =  0.6  W/cm’ 
with  (a)  the  pure  absorption-grating  configuration  and  (b)  the 
absorption-plua-electro-optic  grating  configuration.  In  (b)  the 
sign  of  the  crossing  angle  is  the  same  as  the  sign  of  k,  -  i,  where 
the  positive  direction  of  F  is  chosen  as  in  Ref.  2.  The  soUd  curves 
in  (a)  and  (b)  are  fits  to  Eqs.  (8)  and  (21),  respectively.  Tbe  insets 
show  the  beam  coupling  geometry  used  for  these  two  experi¬ 
ments.  For  a  given  wavelength  the  gain  for  both  electro-optic 
and  absorption  measurements  at  k.  =  0  is  tbe  same,  correspond¬ 
ing  to  the  absorption-grating  offset  discussed  in  the  text. 


where 


-VaAVn  =  0.97  *  0.02, 

P^/SA  =  0.95  *  0.06  W/cm\ 

(ta/yd)  (so/sa)  =  0.031  ±  0.006,  and 
{ti)/nc)ND  Im(Api}  -  Ap^)  =  -6.2  ±  0.5  czn*‘ . 

A  striking  aspect  of  our  fit  to  the  data  in  Fig.  4  is  that 
Na/Nd  is  nearly  unity;  the  crystal  is  nearly  compensated. 
When  we  use  this  value  for  Na/Nd  and  the  other  curve-fit 
parameters,  this  two-level  model  predicts  that  the  inverse 
screening  length  ka  should  be  small  at  low  intensities  and 
increase  monotonically  with  intensity.*  Figure  5  shows 
the  values  of  ko  obtained  from  the  curve  fits  of  the  data  in 
Fig.  2  above.  As  predicted,  the  magnitude  of  ko  is  small 
at  low  intensities  and  appears  to  saturate  at  intensities 
close  to  3  W/cm*;  over  the  range  of  intensities  used,  the 
variation  of  ko  shown  in  Fig.  5  is  60%. 

B.  Bulk  Light-Induced  Absorption  Measurements 
As  mentioned  in  Subsection  2.B,  the  offset  grating  gain  is 
related  to  the  light-induced  absorption.  Again,  when  we 


Fig.  4.  Absorption-grating  gain  per  unit  length  as  a  function  of 
incident  intensity  at  A  =  488  nm  at  an  external  crossii^  balf- 
an^eofO.4*  in  tbe  Free  crystal  of  BaTiOj.  [Note  that  at  this  an^e 
the  gain  is  due  only  to  tbe  offset  <!>(/),  to  within  a  maximum  error 
<0.004  cm''.]  The  solid  curve  is  a  four-parameter  fit  to  a  two- 
level  model  using  Eq.  (17).  The  temperature  was  (17.7  i  0.2)'C. 


YaSq  SaI 
YoSa  Pa  +  SaI 


(19) 


The  subscripts  A  and  D  in  Eqs.  (17)-(19)  refer  to  the  ac¬ 
ceptor  and  donor  levels,  respectively.  Even  with  only  two 
levels  there  are  four  free  parameters  in  these  equations, 
enough  to  require  a  large  number  of  data  points  over  a 
wide  range  of  intensities  in  order  to  make  a  meaningful 
theoretical  fit.  We  measured  the  absorption-grating 
two-beam  coupling  gain  per  unit  length  coefficient  at  A  = 
488  nm  in  the  Free  crystal  of  BaTiOj  at  a  small  crossing 
angle  (external  half-an^e  0.4*)  with  an  intensity  variation 
spanning  more  than  four  orders  of  magnitude.  At  this 
small  angle  the  ofTset  dominates  the  coupling.  Since 
Pa  >8  temperature  dependent,  the  crystal  was  mounted  on 
a  copper  block  and  immersed  in  a  water  bath  maintained 
at  a  temperature  T  =  (17.7  ±  0.2)*C.  Figure  4  shows 
these  data  and  the  curve  fit  to  Eq.  (17).  The  fitting 
parameters  are 
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Fig.  5l  Inverse  screening  length  ko  in  units  of  2/ia^  versus  inci¬ 
dent  intensity  at  A  •  488  nm  in  the  Free  crystals  of  BaTiOt. 
The  data  points  were  obtained  from  curve  fits  to  the  data  in 
Fig.  2.  In  the  two-level  model  the  magnitude  of  A«  is  expected  to 
saturate  at  hi^  intensities  and  to  rearh  a  constant  value  at  low 
intensities. 
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Fig.  6.  Measured  bulk  absorption  versus  incident  intensity 
in  the  Free  crystal  at  A  =  488  nm,  ordinary  polarization,  and 
r  =  (17.8  ±  0.2)°C.  The  sohd  curve  is  a  fit  to  Eq.  (20). 


sin^int  =  kgXc/lno) 

Fig.  7.  Total  (absorption-plus-electro-optic)  two-beam  coupling 
gain  per  unit  length  versus  k,  in  the  Free  crystal  of  BaTiOj, 
obtained  with  the  geometry  of  Fig.  3(b).  The  data  are  curve 
fits  to  Eq.  (21). 

use  the  two-level  model  described  above,  the  bulk  absorp¬ 
tion  is  given  by 

a{I)  =  ao  +  (oi/nc)  (Noo''  -  (Apo  -  Apa)  (20) 

forlVa  <  Nd.  Here  ao  is  the  absorption  as  the  light  inten¬ 
sity  approaches  zero.  For  an  ordinary  ray  incident  at 
Brewster’s  angle  (to  eliminate  reflections)  we  measured 
ao  =  3.25  cm"'  at  488  mm  in  the  Free  crystal.  Figure  6 
shows  the  measured  absorption  a(I)  versus  intensity  in 
the  Free  crystal  at  17.7°C  for  an  ordinary  ray  at  488  mm 
and  a  fit  to  Eq.  (20)  made  using  our  measured  values  for 
ao-  The  parameters  used  in  this  fit  correspond  to  those 
used  in  the  curve  fit  of  the  offset  data  in  Fig.  4  above,  and 
the  values  obtained  for  these  parameters  are  in  good 
agreement  with  those  determined  from  Fig.  4:  Na/Nd  = 
0.96  ±  0.02,  /9x/sa  =  0.73  ±  0.06  W/cm*,  YA»olrD*A  = 
0.033  ±  0.007,  and  (,<it/nc)No  Im(Apo  -  Ap^)  =  -7.6  ± 
0.7  cm"'. 

In  our  curve  fits  for  both  the  bulk  light-induced  absorp¬ 
tion  and  the  offset  grating  gain  we  have  taken  into  ac¬ 
count  the  intensity  variation  of  the  optical  beams  in  the 
crystsd  caused  by  both  background  and  light-induced  ab¬ 
sorption.  All  the  intensities  in  this  paper  are  the  incident 
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intensities,  corrected  for  calculated  Fresnel  losses,  as 
would  be  measured  just  inside  the  crystal  face. 

C.  Electro-Optic  Grating  Measurements 
Absorption  gratings  and  electro-optic  gratings  can  exist 
simultaneously.  In  particular,  the  absorption-grating 
offset  <]>(/)  appears  as  an  offset  in  any  measurement  of 
electro-optic  coupling,  becoming  evermore  apparent  as  k, 
approaches  zero.  Since  the  size  of  the  offset  does  not  de¬ 
pend  on  the  relative  dc  dielectric  constants  of  the  crystal, 
its  magnitude  does  not  depend  on  the  crystal’s  orientation. 
We  verified  this  by  measuring  the  two-beam  coupling  gain 
in  a  geometry  where  the  effective  Pockels  coefficient  was 
not  zero,  so  that  both  absorption  gratings  and  electro¬ 
optic  gratings  were  present,  as  shown  in  Fig.  3(b)  above. 
We  aligned  the  c  axis  of  the  crystal  in  the  plane  of  inci¬ 
dence  and  paraUel  to  the  grating  wave  vector  k,  and  made 
the  optical  polarizations  perpendicular  to  the  plane  of 
incidence,  so  that  both  beams  were  ordinary  rays  as  be¬ 
fore.  The  total  observed  coupling  is  given  by  the  sum  of 
Eqs.  (8)  and  (14),  which  for  small  values  of  k,  can  be  ap¬ 
proximated  by 

yuA^d)  =  y«(/)  +  y^d)  -  2rj7)  [ V*o(/)]  +  4>(/).  (21) 

Figure  3(b)  shows  two  sets  of  data  taken  in  the  Free 
crystal  at  A  =  488  nm  and  A  =  458  nm.  The  solid  Unes 
are  linear  fits  according  to  Elq.  (21).  The  values  of  the 
offset  <>(/)  obtained  from  these  fits  agree  with  those  ob¬ 
tained  from  the  absorption-grating  data.  At  A  =  458  nm 
and  I  w  0.6  W/cm’  the  offset  determined  from  the  pure 
absorption-grating  experiment  is  <!>(/)  =  -0.30  cm"', 
while  that  determined  from  the  combined  absorption-plm- 
electro-optic  coupling  configuration  is  almost  identical, 
namely,  <l>(7)  =  -0.33  cm"*.  Similarly,  at  A  =  488  nm 
and  I  =  0.55  'W/cm^  the  offsets  in  the  pure  absorption  and 
the  absorption-plus-electro-optic  coupling  experiments 
were  <!>(/)  =  -0.12  cm"*  and  <t>{r)  =  -0.17  cm'*,  respec¬ 
tively.  We  also  varied  the  total  intensity  and  noted  that 
the  slt^B  of  these  graphs  increased,  as  shown  in  Fig.  7, 
owing  to  the  expected  increase  of  r„(/)  with  I.  The  same 
set  of  experiments  was  performed  on  another  crystal 
(called  the  Swiss  crystal).  Compared  with  the  Free  crys¬ 
tal,  the  Swiss  crystal  has  less  absorption  and  shows  little 
light-induced  absorption.  Consequently,  the  magnitudes 
of  the  absorption-grating  coupling  and  the  offset  <!>(/)  are 
smaller.  For  example  at  A  =  456  nm  and  /  =  0.7  W/cm’, 
•JK/)  =  -0.050  cm"'  and  <!>(/)  =  -0.067  cm"'  for  the  Swiss 
crystal,  as  determined  by  pure  absorption  gratings  and 
absorption-plus-electro-optic  gratings,  respectively.  As 
in  the  other  crystals,  the  magnitude  of  this  negative  offset 
was  largest  for  A  =  456  nm,  somewhat  smaller  at  A  = 
488  nm,  and  too  small  to  be  measured  by  our  techniques 
at  A  =  515  nm. 

The  offset  term  of  absorption  gratings  can  confuse  the 
interpretation  of  two-beam  coupling  experiments.  For 
exanq)Ie,  in  the  usual  beam-coupling  geometry  [shown  in 
Fig.  3(b)  above],  where  both  absorption  gratings  and 
electro-optic  gratings  are  present,  t^  offset  causes  the 
coupling  strength  to  flip  sign  at  a  finite  crossing  an^e. 
In  Ba’TiOi  this  may  not  be  noticed  at  A  w  516  nm,  where 
the  offset  is  small,  but  it  becomes  increasingly  prominent 
as  the  wavelength  is  decreased.  In  fact,  Klein  and  Valley'* 
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observed  that  at  A  =  442  nm  the  sign  of  the  two-beam 
coupling  strength  flipped  sign  in  one  of  their  BaTiOj  crys¬ 
tals  (GB-5)  as  the  beam-crossing  angle  was  increased. 
Strohkendl  et  later  explained  this  anomaly  by  invok¬ 
ing  electron-hole  competition  from  a  single  active  level. 
We  had  considered  an  alternative  explanation  for  their  ex¬ 
perimental  data,  namely,  the  presence  of  a  large  offset 
from  absorption  gratings.  However,  we  performed  beam¬ 
coupling  experiments  on  this  same  crystal  GB-5  at  A  = 
442  nm,  and  wre  found  that  the  offset  (and  the  magnitude 
of  the  absorption  grating)  was  small,  which  rules  out 
absorption  gratings  as  an  explanation  for  this  crystal’s 
anomalous  behavior. 

4.  CONCLUSION 

We  have  shown  that  there  are  two  ways  that  charge  can 
redistribute  in  a  multilevel  crystal:  among  various  spa¬ 
tially  separated  trapping  centers  or  between  different 
trapping  levels  at  roughly  the  same  location.  This  latter 
contribution  does  not  produce  any  electro-optic  coupling, 
since  no  electric  field  is  produced;  however,  it  causes  an 
additional  absorption  grating  that  remains  finite  even  as 
the  crossing  angle  of  the  beams  approaches  zero.  By  mea- 
siuring  this  offset  gain,  we  are  able  to  determine  certain 
physical  parameters  of  a  barium  titanate  crystal  that 
agree  well  with  the  values  obtained  through  bulk  light- 
induced  absorption  measurements.  We  find  that  the  mag¬ 
nitude  of  this  offset  gain  per  unit  length,  <!>(/),  varies 
strongly  with  wavelength  in  our  BaTiOi  crystals,  ranging 
from  almost  zero  at  A  =  515  nm  to  more  than  0.3  cm'*  at 
A  =  458  nm.  We  have  also  shown  that  once  there  are  at 
least  two  active  levels,  the  functional  dependence  of  the 
absorption-grating  gain  and  the  electro-optic  gain  on  k,  is 
independent  of  the  number  of  active  levels. 

ACKNOWLEDGMENTS 

We  would  like  to  tbank  Marvin  Klein  for  the  loan  of  the 
crystal  GB-5  and  Armand  Tanguay,  Jr.,  for  the  loan  of  a 
He-Cd  laser.  We  gratefully  acknowledge  support  from 
U.S.  Air  Force  Office  of  Scientific  Research  contract 
F49620-88-C-0095. 


REFERENCES 

1.  N.  V  Kukhtarev,  V.  B.  Markov,  S.  G.  Odoulov,  M.  S.  Soskin, 
and  V.  L.  Wnetskii,  “Holographic  storage  in  electrooptic  crya- 
tals.  I.  Steady  state,’’  Ferroelectrics  22,  949  (1979). 

2.  J.  Peinberg,  0.  Heiman,  A.  R.  Tanguay,  Jr.,  and  R.  W. 
Hellwarth,  “Photorefractive  effects  and  li^t-induced  charge 
migration  in  barium  titanate,”  J.  Appl.  Phya.  61, 1297  (1980); 
62.  537(E)  (1981). 

3.  L.  Holtmann,  'A  model  for  the  nonlinear  photoconductivity  of 
BaTiOj,”  Phya.  Status  Solid!  (A)  K8»,  113  (1989). 

4.  D.  Mahgerefteh  and  J.  Feinb^,  “Explanation  of  the  appar¬ 
ent  sublinear  photoconductivity  of  photorefractive  barium 
titanate,”  Phya.  Rev.  Lett  64,  2195  (1990). 

5.  D.  D.  Ndte,  D.  H.  Olaon,  and  A.  M.  Glass,  “Nonequilibrium 
screening  of  the  photorefractive  effect’  Phys-  Rev.  Lett.  63, 
891  (1989). 

6.  A.  Motes  and  J.  J.  Kim,  “Intensity-dependent  absorption  co- 
efGcient  in  photorefractive  BaTiOj  crystals,”  J.  Opt.  Soc. 
Am.  B  4,  1379  (1987). 

7.  G.  A.  Brest,  R.  A.  Motes,  and  J.  R.  Rotge,  “Intensity-dependent 
absorption  and  photorefractive  effects  in  barium  titanate,” 
J.  Opt  Soc.  Am.  B  6,  1879  (1988). 

8.  A.  V.  Alekseev-Popov,  A.  V  Knyaz’kov,  and  A.  S.  Saikin, 
“Recording  volume  amplitude-phase  holograms  in  a  lead- 
lanthanum  zirconate-titanate  ceramic,”  Sov.  Tech.  Phys. 
Lett.  9.  475  (1983). 

9.  K.  Wal^,  T.  J.  HslU,  and  R.  E.  Burge,  “Influence  of  polariza¬ 
tion  state  and  absorption  gratings  on  photorefractive  two- 
wave  miring  in  GaAs,”  Opt  Lett.  12,  1026  (1987). 

10.  R.  B.  Bylsma,  D.  H.  Olao^  and  A.  M.  Glass,  “Photochromic 
gratings  in  photorefractive  materials,”  Opt.  Lett.  13,  853 
(1988). 

11.  R.  M.  Pierce,  R.  S.  Cudney,  G.  D.  Bacher,  and  J.  Feinberg, 
“Measuring  photorefractive  trap  density  without  the  electro¬ 
optic  effect’  Opt  Lett  16,  414  (1990). 

12.  P.  Tayebati,  “Characterization  and  modeling  of  the  photore¬ 
fractive  effect  in  bismuth  silicon  oxide,”  Ph.O.  dissertation 
(University  of  Southern  California,  Los  Angeles,  Calif., 

1989) ;  P.  Tayebati  and  D.  Mahgerefteh,  “Theory  of  the  pho¬ 
torefractive  effect  for  BiuSiOio  snd  BaTiOt  with  shallow 
titqis,’  J.  Opt  Soc.  Am.  B  8,  1053  (1991). 

13.  A.  V  Kpya’zkov  and  M.  N.  Lobanov  “Absorption  modulation 
under  hologram  formation  in  photorefractive  materials,”  in 
Tbpicof  Meeting  on  Photorefractive  MateriaU,  Effect*  and 
Device*  II  (Optical  Society  of  America,  Washington,  D.C., 

1990) ,  pp.  112-113. 

14.  M.  &  IQein  and  G.  C.  Valley,  “Beam  coupling  in  BaTiOs  at 
442  nm,”  J.  AppL  Phys.  67,  4901  (1985). 

15.  F.  P.  StrohkendL  J.  M.  C.  Jonathan,  and  R.  W  Hellwarth, 
“Hole-electron  competition  in  photorefractive  gratings,” 
Opt  Lett  11,  312  (1986). 


73 


Asifyat 


SELF-BENDING  OF  LIGHT  BEAMS  IN  PHOTOREFRACTIVE  PHASE 

CONJUGATORS 


V.V.  Eliseev 

General  Physics  Institute,  Academy  of  Sciences  of  the  USSR, 

38  Vavilov  St.,  Moscow,  117924,  USSR. 

A.  A.  Zozulya 

P.  N.  Lebedev  Physical  Institute,  Academy  of  Sciences  of  the  USSR, 
Leninsky  pr.  53,  Moscow,  117924,  USSR. 

G.  D.  Bacher  and  Jack  Feinberg 
Departments  of  Physics  and  Electrical  Engineering 
University  of  Southern  California,  Los  Angeles,  CA  90089-0484 

Tel.  (213)  740-1134 

ABSTRACT 

Stimulated  photorefractivc  phase-conjugators  often  exhibit  well-defined, 
curved  beam  paths,  which  cannot  be  accounted  for  by  simple  beam  fanning. 
We  propose  a  model  that  suggests  that  these  apparently  curved  paths  are 
composed  of  a  series  of  straight-line  segments,  with  beams  propagating  in 
both  directions  along  these  paths.  These  line  segments  initially  form  by  the 
amplification  of  scattered  light  between  regions  of  the  crystal  already 
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possessing  counterpropagating  pump  beams.  As  these  line  segments  form 
they  create  new  interaction  regions  that  generate  new  segments,  thereby 
making  the  final  beam  path  appear  to  be  curved.  Application  of  our 
model  to  a  single-interaction-region  mutually-pumped  phase-conjugator 
shows  that  the  threshold  coupling  strength  required  for  the  appearance  of 
these  new  segments  is  only  slightly  larger  than  the  threshold  for  the  phase- 
conjugate  mirror  itself. 
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INTRODUCTION 

Light  beams  propagating  through  a  photorefractive  crystal  are 
like  politicians:  if  given  the  opportunity  they  choose  the  path  that 
maximizes  their  own  gain.  Here  we  propose  a  detailed  though  necessarily 
simplistic  description  of  how  light  beams  spring  up  inside  a  photorefractive 
crystal,  and  why  under  some  conditions  these  stimulated  light  beams  follow 
curv'ed  paths.  We  show  that  these  curves  are  formed  by  a  sequence  of 
straight-line  segments  connecting  many  four-wave  mixing  regions  inside 
the  crystal. 

In  recent  years  a  variety  of  photorefractive  devices  have  been 
demonstrated  that  rely  on  stimulated  light  beams  to  perform  optical  phase 
conjugation.  These  self-pumped  and  mutually-pumped  phase  conjugators, 
which  include  the  cat  mirror^,  the  double  phase-conjugate  mirror^,  the 
bird-wing^,  the  frog-legs^,  the  bridge  conjugator^  and  the  unnamed- 
geometry  of  Smout  and  Eason^  are  all  closely  related^  and  differ  only  in 
the  number  and  angle  of  their  input  beams. 

Figure  1  is  a  photomicrograph  of  stimulated  beams  inside  a  cat 
conjugator.l  The  stimulated  beams  have  collapsed  into  narrow  filaments 
(for  reasons  that  will  not  be  discussed  here).  These  filaments  appear  to 
follow  curved  paths  but  upon  close  inspection  the  curves  are  seen  to  consist 
of  a  series  of  straight-line  segments  connected  by  distinct  bends.  Our 
model  requires  that  the  filaments  themselves  consist  of  counterpropagating 
waves.  We  show  that  two  separated  regions  inside  the  crystal,  each  having 
its  own  pair  of  counterpropagating  waves,  can  "find"  each  other  with  new 
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light  beams,  provided  that  the  total  round-trip  reflectivity  of  a  small  seed 
wave  between  these  regions  is  greater  than  unity.  Our  model  predicts  a 
sequence  of  such  couplings,  so  that  the  path  of  the  filaments  eventually 
resembles  a  curved  trajectory. 

Consider  the  case  of  two  counterpropagating  beams  already 
present  inside  a  photorefractive  crystal,  as  shown  in  Fig.  2.  If  a  reflecting 
surface,  such  as  a  mirror  or  a  wedding  ring,  is  placed  nearby,  then  a  beam 
of  light  will  spring  up  between  the  crystal  and  the  reflecting  surface, 
provided  that  the  photorefractive  coupling  strength  exceeds  a  certain 
threshold.^  These  stimulated  beams  grow  and  reach  steady  state  when  the 
reflectivity  of  the  photorefractive  phase  conjugator  declines  to  1/M,  where 
M  is  the  reflectivity  of  the  mirror.  The  crystal  acts  as  a  phase  conjugator 
with  gain;  it  returns  light  from  the  mirror  back  to  the  mirror.  If  the 
mirror  surface  is  replaced  by  a  second  photorefractive  crystal,  also 
pumped  by  two  counterpropagating  beams,  then  a  beam  of  light  can  spring 
up  between  the  two  crystals;  they  will  "find”  each  other  and  direct 
counterpropagating  light  beams  from  one  to  the  other,^  as  shown  in  Fig. 
2b.  Instead  of  two  crystals  one  could  consider  two  separate  regions  inside 
the  same  crystal,  as  shown  in  Fig.  2c.  In  that  case  a  pair  of 
counterpropagating  beams  can  spring  up  between  these  two  regions.  These 
new  counterpropagating  beams  now  make  new  interaction  regions 
available,  allowing  new  beams  to  spring  up,  as  shown  in  Fig.  3.  This 
"bifurcation"  can  occur  repeatedly,  with  each  new  pair  of 
counterpropagating  beams  serving  as  a  springboard  for  the  generation  of 
more  such  beam  pairs. 
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Stimulated  Scattering  and  Phase  Conjugation 

When  a  single  laser  beam  traverses  a  photorefractive  crystal, 
imperfections  and  defects  in  the  crystal  scatter  the  incident  light.  The 
scattered  light  can  coherently  interfere  with  the  incident  beam  to  create  a 
multitude  of  photorefractive  gratings  in  the  crystal.  A  subset  of  the  light 
scattered  from  these  gratings  will  reinforce  the  originally  scattered  beams, 
and  these  beams  grow  exponentially  with  distance  in  the  crystal  and  emerge 
in  a  broad  fan  of  light. 

Now  let  two  (preferably  mutually  incoherent)  laser  beams  be 
incident  on  the  right  and  left  crystal  boundaries  witli  optical  intensities 
and  /^,  respectively.  Let  the  two  beams  intersect  inside  the  crystal,  as 
shown  in  Fig.  3a.  Because  the  two  beams  are  muhially  incoherent,  they 
will  not  interfere  with  each  other.  However,  each  incident  beam  will 
interfere  with  its  own  randomly  scattered  beams  to  create  its  own  armada 
of  photorefractive  gratings  inside  the  crystal.  The  particular  grating  that 
diffracts  beam  R  into  the  phase-conjugate  of  beam  L  will  also  diffract  beam 
L  into  the  phase  conjugate  of  beam  R,  by  time-reversal  symmetry.2 
Because  this  grating  is  common  to  both  beams,  it  is  preferentially 
reinforced.  In  the  simplest  such  mutually-pumped  phase  conjugator  (the 
geometry  of  Fig.  3a)  the  intensity  transmission  Tq  of  the  device,  defined  as 

the  fraction  of  the  light  input  into  one  face  that  emerges  phase-conjugate  to 
the  beam  at  the  other  face,  is  found  by  solving  the  following  equations:^ 
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(1) 
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c  =  tanh 


I  2  ) 


(2) 


where  q  =  Ij^/ 1 is  the  ratio  of  intensities  of  the  two  incident  beams,  and  Fq 

is  the  coupling  strength.  These  equations  yield  non-trivial  solutions  only  if 
the  coupling  strength  exceeds  a  threshold  value  Fq  >[(^  +  l)/((7-l)]ln<7. 


New  Beams 


Just  above  threshold  the  configuration  of  a  single  interaction 
region  turns  out  to  be  unstable:  arbitrarily  weak  beams  will  grow  between 
two  new  regions  of  the  nonlinear  medium,  with  each  region  pumped  by 
two  counterpropagating  waves  as  shown  in  Fig.  3b.  The  threshold  for  this 
instability  occurs  when  the  round-trip  reflectivity  of  a  weak  "seeding” 
beam  between  the  right  and  left  regions  in  Fig.  3b  exceeds  unity; 

^Right^Uft  0) 

In  Eq.  (3)  is  the  phase-conjugate  intensity  reflectivity  for  the  beam 
incident  on  the  right  region  from  the  left  region,  and  similarly  for  the 

left  region.  These  reflectivities  can  be  computed  from  the  traditional  four- 
wave  mixing  equations  of  Ref.  10,  where  the  usual  counterpropagating 
pumping  beams  are  here  taken  to  be  the  conjugate  pairs  /^and  in  the 
right  region,  and  //^and  in  the  left  region.  We  obtain: 
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2 

/  [l  -  expC-F;^^ )] 

^Uft  ~  jC  t  i  I  c\ 

^  [l  +  (/L//L)exp(-n^/,)] 

2 

/„  [l-exp(-r,j^t,)] 

In  general,  the  values  of  coupling  coefficients  in  the  various 
regions  are  all  different.  However,  for  simplicity  we  will  here  take  them 
all  to  be  the  same  Fq  =  F/^y,  =  F„^;^  =  F  for  the  remainder  of  our  analysis. 

Even  in  this  case  we  show  that  the  system  prefers  to  generate  new  beams, 
and  that  (except  near  threshold)  these  new  beams  increase  the  overall 
phase-conjugate  reflectivity  of  the  device. 

Figure  4  shows  the  calculated  threshold  for  phase  conjugation  vs. 
the  incident  beam  ratio  q  when  there  is  only  one  interaction  region,  and 
also  for  the  case  in  which  the  system  has  already  "bifurcated"  once  to 
create  three  interconnected  regions.  Note  that  a  single  interaction  region 
will  become  unstable  for  a  coupling  strength  even  slightly  larger  than  the 
single-region  threshold.  For  example,  for  the  case  q  =  1  the  single  region 
threshold  (no  bifurcations)  is  F,^^^  =  2,  while  the  three-region  threshold 
(one  bifurcation)  is  only  slightly  larger:  F/^’^  =  2.026.  For  even  larger 
values  of  F  the  system  may  undergo  further  bifurcation,  as  shown  in 
Fig.3c.  This  process  will  continue,  with  new  beams  springing  up  to  connect 
new  interaction  regions,  and  so  carve  out  a  path  made  of  many  straight-line 
segments  that  approximates  a  curved  trajectory.  Because  there  is  no  unique 
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path  for  the  bifurcation,  it  is  possible  for  different  paths  to  be  fa^'ored 
sequentially.  This  would  cause  the  phase-conjugate  signal  to  oscillate  in 
time,  as  has  been  observed  in  the  bird-wing  and  cat  conjugators.^l-13 

Coupled-wave  equation 

We  analyze  the  3-region  geometry  of  Fig.  3b  by  inspecting  the 
slowly-vaiy'ing  amplitudes  Aj  i^=\  -  4)  of  the  electromagnetic  waves  in 

each  of  the  three  interaction  regions.  For  the  geometry  of  Fig.  5  these 
amplitudes  vary  according  to;  10 


dA-^ 

dx 


=  VA4 


dA-^ 

dx 


-VA2 


dx 


v-^{A^A^  +^2^3) 


(4) 


4 

In  Eqs.  (4)  fo  =  ^Aj,  0<x<l,  and  7  =  F/  /  is  the  coupling  coefficient 

per  unit  length.  Here  we  will  consider  only  the  case  of  a  purely  real 
coupling  coefficient  y  (which  corresponds  to  a  90®  phase  shift  between  the 
light  pattern  and  the  resulting  refractive-index  pattern  in  the 
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photorefractive  crystal). For  this  case  the  wave  amplitudes  Aj  can  all  be 
taken  as  real  without  loss  of  generality. 

The  boundary  conditions  on  the  four  wave  amplitudes  Aj  (j=l-4) 

differ  here  from  those  usually  used.  Consider  the  right  region  shown  in 
Fig.  3b  with  the  beams  labeled  as  in  Fig.5.  The  usual  boundary  condition 
is  to  set  the  conjugate-wave  amplitude  to  be  zero  at  the  right-hand 
boundary:  A-^(l]~0.  Instead,  here  we  let  the  conjugate  wave  be  seeded  by 
scattered  light,  so  that  A2il)  =  -4£A2(l).  Physically,  this  seed  is  caused  by 
the  scattering  from  crystal  defects  of  wave  2  into  wave  3  .  We  let  the  total 
amount  of  scattering  remain  constant  but  let  the  "seeding”  parameter 
^f£  « 1  determine  the  fraction  of  the  scattered  light  from  amplitude  Aji!) 
that  is  scattered  into  precisely  the  amplitude  A-^il)-  In  the  left  region  we 
use  a  similar  seeded  boundary  condition,  and  for  simplicity  we  have  set  the 
sca“ering  strength  to  be  the  same  in  both  of  these  regions.  We  set  the 
phase  of  these  scattered  beams  so  that  the  light  scattered  from  the  left 
region  exactly  reinforces  the  grating  forming  in  the  right  region,  and  vice 
versa. 


In  the  top  region  we  could  also  replace  the  usual  boundary 
conditions  for  a  double  phase-conjugate  mirror  with  the  seeded  boundary 
conditions,  but  we  found  that  for  £  « 1  the  presence  of  finite  seeding 
beams  in  this  top  region  have  a  negligibly  small  influence  on  the  behavior 
of  the  various  waves  except  when  the  coupling  coefficient  is  very  near  the 
threshold  F  =  Therefore  we  set  £  =  0  in  the  top  region  but  keep  £ 

finite  in  the  other  two  regions.  The  presence  of  these  seed  beams  in  the  left 
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and  right  regions  becomes  especially  important  at  large  coupling  strengths; 
they  determine  the  asymptotic  behavior  of  the  system  as  F  oo. 

In  Figure  3b  light  entering  from  the  bottom  left  has  the  choice  of 
two  different  paths  before  it  exits  at  the  bottom  right,  either  by  a  single 
diffraction  from  the  grating  at  the  top  or  by  two  successive  diffractions  at 
the  left  and  right  regions.  These  two  paths  will  interfere  provided  the 
difference  in  their  lengths  is  within  the  coherence  length  of  the  incident 
laser  beam.  (A  similar  interference  will  also  occur  for  light  beams 
propagating  from  the  right  to  the  left.)  For  the  case  of  a  purely  real 
coupling  coefficient  y  this  interference  will  always  be  exactly  constmctive 
irrespective  of  the  lengtlts  of  the  two  optical  patlis.  For  example,  consider 
the  beam  that  propagates  from  the  left  region  directly  to  the  right  region. 
This  beam  will  always  add  constructively  to  the  beam  coming  from  the  top 
region  (as  in  two-beam  energy  coupling). 

RESULTS 

When  bifurcations  occur  new  beams  spring  up  and  the  overall 
transmission  T  of  the  system  changes.  For  the  case  of  equal  intensity  input 
beams  (q=l)  the  dependence  of  the  transmission  on  the  coupling  strength 
r  is  shown  in  Fig.  6.  Here  the  effect  of  the  additional  beam  path  is  seen  in 
the  sharp  jump  in  the  transmission  when  F  increases  above  the  first 
bifurcation  threshold  F/^'^  as  shown  in  the  inset  of  Fig.  6.  The  bifurcation 

increases  the  overall  transmission  of  the  device  because  the  portion  of  the 
input  not  diffracted  by  the  grating  in  the  left  region  will  still  be  partially 
redirected  by  the  grating  at  the  top  and  will  recombine  coherently  with  the 
diffracted  beam  in  the  right  region.  The  original  grating  serves  to  ‘catch’ 
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some  of  the  light  that  slips  through  the  new  gratings  and  redirects  it  into 
the  phase-conjugate  beam. 

Consider  the  symmetric  case  of  equal  intensity  input  beams  (q=l). 
Define  T*  to  be  the  fraction  of  beam  II  input  into  the  left  side  of  the 
crystal  that  is  deflected  by  the  left  interaction  region  into  the  right 
interaction  region  (i.e..  the  intensity  diffraction  efficiency  of  beam  2  into 
beam  4  described  in  the  Appendix)  .  Then  we  obtain 
r*  =  ~^jTQ  )/(l  -  where  Tq  is  defined  before  Eq.  (1)  and  T  is  the 

overall  intensity  transmission  of  the  entire  three-region  device.  Figure  7 
illustrates  the  dependence  of  the  diffraction  efficiency  T*  of  either  the  left 
or  right  region  (these  two  diffraction  efficiencies  are  equal  when  q=l)  on 
the  coupling  strength,  for  several  different  values  of  the  seeding  parameter 
£.  For  any  finite  value  of  £,  T* asymptotically  approaches  unity  for  large 
coupling  strength  F,  but  the  form  of  the  approach  depends  on  the  value  of 
the  seed.  For  q=l  and  for  large  values  of  coupling  strength  we  find  that 


T  =2rexp(-r)  +  J  ^-^-.-^exp(r).  (5) 

As  r*approaches  1,  an  increasing  amount  of  light  is  channeled 
between  regions  the  left  and  right  interaction  regions,  so  that  the  A  shaped 

pattern  in  Fig.  8a  begins  to  resemble  the  sawed-off  pattern  of  Fig.  8b. 

Note  that  Fig.  8b  can  be  viewed  as  two  mutually-pumped  phase  conjugators 
sharing  a  common  set  of  beams,  and  both  the  dynamic  behavior  and  the 
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Stationary  states  of  such  a  system  have  been  shown  to  be  critically 
dependent  on  the  values  of  the  seeds. 15, 16 

In  order  to  explore  the  behavior  of  the  system  with  unequal  input 
beam  intensities  (q^l),  we  repeated  our  analysis  for  the  case  of  q=2.  The 
equations  are  less  symmetric  now,  and  each  interaction  region  has  a 
different  diffraction  efficiency.  Nevertheless  the  overall  transmission  of 
the  device  is  quite  similar  to  the  q=l  case,  as  shown  in  Fig.  9.  However 
with  q=2  there  is  now  a  small  region  of  F  just  past  threshold  where  the 
overall  transmission  decreases  when  the  additional  beams  appear,  as  shown 
in  the  inset  of  Fig.  9.  In  Fig.  10  we  plot  the  diffraction  efficiencies  of  each 
of  the  left  and  right  regions  vs.  the  coupling  strength.  The  stronger  beam 
is  input  on  the  left,  and  the  weaker  beam  on  the  right.  Note  that  the 
diffraction  efficiency  is  larger  in  the  region  with  the  weaker  input  beam. 
The  asymmetry  in  the  strength  of  the  two  bifurcation  gratings  is  evident  in 
Fig.  10,  especially  near  threshold.  Just  above  threshold  we  found  a  region 
of  r  for  which  the  system  oscillates  between  two  states,  first  bifurcating 
and  then  relaxing  back  to  the  initial  un-bifurcated  state. 

For  q?tl  there  is  no  longer  a  simple  relation  among  the  various 
grating  efficiencies  as  in  Eq.  (5).  We  find  numerically  that  the  asymptotic 
behavior  as  F-^oo  of  each  region's  diffraction  efficiency  is  similar  to  the 
q=l  case,  so  that  for  any  finite  seed  the  bifurcation  path  dominates  as  F 
becomes  large. 

In  summary,  we  have  presented  a  simple  model  to  explain  the 
bending  of  light  beams  in  various  self-pumped  and  mutually-pumped  phase 
conjugators.  This  model  attributes  the  growth  of  curved  beam  paths  inside 
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the  crystal  to  a  series  of  straight-line  segments  caused  by  a  couplings 
between  adjacent  regions  inside  the  crystal,  each  pumped  by 
counterpropagating  waves.  We  have  shown  that  including  a  small  but  finite 
amount  of  scattered  light  is  crucial  for  describing  this  self-bending.  The 
bifurcation  occurs  even  when  the  gratings  in  all  three  regions  are  taken  to 
have  the  same  coupling  strength.  In  practice,  one  should  include  the 
dependence  of  coupling  strength  on  both  the  crossing  angle  and  the 
orientation  of  the  light  beams  inside  the  crystal,  which  can  make  the 
bifurcation  path  even  more  favorable.  Also,  we  note  that  there  are  usually 
a  multitude  of  possible  bifurcation  paths  which  compete  for  the  available 
light  energy,  and  that  the  light  path  could  oscillate  repeatedly  between 
them. 
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MATHEMATICAL  APPENDIX 


Consider  a  four-wave  mixing  region,  described  by  the  set  of  equations: 

vA 

dA^ 

^--vA 

dx~ 

^  =  -vA- 


V  -  —  (A1A4  -f-  A2A3) 

^  .  (AI). 

The  values  of  waves  1,  2,  and  4  are  fixed  at  the  beginning  of  the  interaction 
region: 


A,(0),  ^4(0),  A^SD  , 


and  wave  3  is  seeded: 


AM)  =  4eA,(l) 


(A2) 


We  assume  that  y  is  real.  In  this  case,  the  fields  can  be  taken  to  be  real. 
We  introduce  the  variable 


X  X 

z  =  ^dx' — (A,A4  +  ^2^3)  =  J  vdix' 

^  fn 


0  ^0 
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The  output  amplitudes  become  a  function  of  2: 


A^il)  =  A^iO)cos(zi)  +  A^{0)s\nizi) 

A^il)  =  -A^iO)smizi)  +  Ai{0)cosizi) 

.42(0)  =  /42(/)cos(r/)- V£sin(2;) 

/43(0)  =  A2(/)sin(2/)  + VicosCz/)  (A3). 

where  z^  =  z(x  -  1) 

From  (A1)-(A3),  w-e  obtain: 

tanh(rn)  =  ^  (A4) 

where  V  =  yi, 

A 

2(A  +^2  +^3) 


/4  -/i  +/2  +  2cot(z,)(Ai(0)A4(0)  + Ve/2)’ 

A^  =  (/i  +  74)^  +  A"  +2/2(7,  - /4)cos(2z,) 

44/2A,(0)A4(0)sin(2z,) 

44/2Ve[(/4-/,)sin(2z,)  +  2A,(0)A4(0)cos(2z,)] 

Here  /,  h  A,^(0),  1 4  =  ^4(0),  I2  =  A2  (/).  If  the  three  input  fields  are 
known,  then  Eq.  (4)  can  be  solved  for  Z;.  The  expressions  for  a  and  b  are 
given  here  only  to  the  lowest  order  in  e.  One  may  write  down  exact 
expressions,  but  since  e  «  1  there  is  no  advantage. 


For  the  three-region  geometry  of  Fig.  3b,  one  has  three  Eqs. 

(A4)  (one  for  each  region)  which  are  coupled  via  the  boundary  conditions. 
Since  the  presence  of  the  seeding  light  has  no  effect  on  the  top  region 
except  very  near  threshold,  we  will  neglect  the  seeds  in  this  region  and  use 
Eq.(2)  from  the  text  to  calculate  its  transmission.  The  boundary  conditions 
are: 


Left  region: 

Azin 

A,(0) 

Ai(0) 

Right  region: 

Azin  — 

a;(0)  =  ^%a.j0) 

A',{0)  =  Ay(0) 


=  ^[7QA^_iO) 

=  Ai 


Here  all  of  the  primed  amplitudes  refer  to  the  right  region  and  the 
unprimed  amplitudes  refer  to  the  left  region  as  indicated  in  Fig.  Al.  Note 
that  the  left  and  right  regions  are  laid  out  as  mirror  images,  so  that  the 
external  beams  are  input  at  x=l  in  both  of  these  regions.  Tq  is  the  intensity 
transmission  of  the  double  phase  conjugator  in  the  top  region  where  ^2(0) 
and  ^2(0)  are  its  two  input  beams.  Using  Eq.  (3),  these  boundary 
conditions  are  rewritten  as: 
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Left  region; 

4j  (0)  =  ^|T^ {sin(r2  )  -  cos( 22  )), 

'•^4  (sin(22  )  +  cos(r2 )). 


Right  region: 

/^i'(0)  =  ^T^Jq  (sin ( 21 )  -  Vi cos(2i )), 
^4(0  =  ^IT[  (sin(2, )  +  Vi  cos(2, )), 


One  determines  2,  and  22,  and  all  other  quantities  are  expressed 

through  them.  We  could  solve  these  equations  analytically  only  for  a  few 
special  cases.  For  example  if  ^  =  I  (/^  =  /^  =  /)  and  Fj  =  r2  =  F,  then 
further  analytic  results  can  be  obtained.  In  this  case  2,  =  22  =  2.  Since  the 
system  is  left-right  symmetric  for  input  beams  having  equal  intensities,  q  is 
always  equal  to  1  for  the  top  region,  regardless  of  the  values  of  e  and  F, 
and  the  transmission  of  the  top  region  depends  only  on  F- 

For  q=I  one  can  solve  for  z  in  Eq.  (4)  using  the  boundary 
conditions: 

/^2(0  =  V7, 

A  (0)  =  Vv  (cos(2)  -  Ve  sin(z)), 

A(0)  =  V7(sin(2)-i- Vf  cos(z)) 


The  overall  transmission  of  the  device  is  then  given  by 


(Ai(0)cos(r)4- A4(0)sin(z))" 

I 

=  sin"(z)  +  ^^cos‘(^)  +  ^/^(l  -^^)sin(r)cos(2)] 
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Figure  captions 

Fig.  1.  Photomicrograph  of  stimulated  beams  inside  a  BaTiOs  "cat” 
conjugator,  showing  the  segmented  bent  trajectories  of  the  light  beams. 


Fig.  2.  a)  Light  beams  (in  gray)  springing  up  between  a  pumped  crystal 
and  the  normal  to  a  mirror,  b)  Light  beams  springing  up  between  two 
pumped  crystals,  c)  Light  beam  springing  up  between  separate  pumped 
regions  of  a  single  crystal,  with  the  pumping  beams  connected  by  a 
photorefractive  grating  inside  the  crystal. 


Fig.  3.  Schematic  of  beam  paths  in  a  mutually-pumped  phase  conjugator  a) 
before  bifurcation,  b)  after  one  bifurcation,  c)  after  a  second  bifurcation. 
The  circles  indicate  interaction  regions. 


Fig.  4.  Coupling  strength  at  threshold  vs.  incident  beam  ratio  q  for  a 
mutually-pumped  phase  conjugator  with  no  bifurcations  (solid  line,  see  Fig. 
3a)  and  one  bifurcation  (dotted  line,  see  Fig.  3b). 


Fig.  5.  Assignment  of  the  interacting  waves  in  a  four-wave  mixing  region. 
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Fig.  6.  Calculated  transmission  (throughput)  of  a  mutually-pumped  phase 
conjugator  with  no  bifurcation  (i.e.  the  one-region  geometry  of  Fig. 3a)  and 
with  one  bifurcation  (i.e.  the  three-region  geometry  of  Fig.3b)  vs.  the 
coupling  coefficient  F,  for  equal  intensity  incident  beams  into  the  device 
(q=l).  The  bifurcated  data  correspond  to  seeding  values  of 
e  =  0,10^ ,  and  10“^  The  inset  shows  the  region  near  threshold. 


Fig.  7.  Diffraction  efficiency  of  the  grating  in  the  left  (or  right)  interaction 
region  (Fig. 3b)  vs.  coupling  strength  F  for  q  =  1.  The  different  curves 
correspond  to  seeding  values  of  e  =  0,  lO-^,  and  lO'^. 


Fig.  8.  Appearance  of  the  beams  of  Fig. 3b  for  a)  small  couping  strength  F, 
b)  large  F. 


Fig.  9.  Transmission  in  the  one-region  geometry  of  Fig.  3a  ,  and  in  the 
three-region  geometry  of  Fig.  3b  vs.  coupling  coefficient  F  for  unequal 
incident  beam  intensities  tq  =  2)  .  The  curves  for  the  geometry  of  Fig  3b 
correspond  to  seed  values  of  e  =  0,  lO*'^,  and  10'3.  The  inset  shows  the 
region  near  threshold. 


Fig.  10.  Diffraction  efficiency  of  the  gratings  in  the  left  and  right 
interaction  regions  versus  F  for  q  =  2.  Here  the  stronger  beam  is  incident 
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on  the  crystal  from  the  right  and  the  weaker  beam  is  incident  from  the  left. 
The  curves  correspond  to  seeding  values  of  £  =  0  and  10 

Fig.  Al.  Diagram  of  the  three-interaction  region  geometry  labeling  the 
beams  used  in  the  analysis.  All  beams  in  the  right  region  are  primed.  Note 
that  the  left  and  right  regions  are  laid  out  as  mirror  images. 
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Time-resolved  holography 

A.  Rebane*  &  Jack  Feinberg 

Department  of  Pnysics  University  of  Soutnern  California  Los  Angeles. 
California  90089  0484  uSA 


In  a  conventional  hologram,  a  photographic  him  records  the 
interference  pattern  of  monochromatic  light,  scattered  from  the 
object  to  be  imaged,  with  a  reference  beam  of  unscattered  tight. 
Illumination  of  the  developed  him  with  a  replica  of  the  reference 
beam  then  creates  a  virtual  image  of  the  original  object.  Here  we 
show  how  a  molecular  resonance  can  be  used  to  record  an  interfer¬ 
ence  pattern  between  light  signals  that  arrive  at  different  times, 
and  with  this  technique  create  a  hologram  with  time  resolution. 
L'sing  a  timed  reference  pulse  as  a  ‘light  shutter',  we  can  record 
holographic  images  selectively,  according  to  the  time  taken  by 
light  travelling  from  the  object  to  the  hologram.  We  use  this 
method  to  image  an  object  behind  a  semi-opaque  screen,  and 
indirj.t  how  a  similar  method  could  be  used  to  inspect  objects 
eriO'di'ed  in  a  dense  scattering  medium.  LItimately,  this  technique 
(light  be  applied  to  the  medical  imaging  of  tumours. 

Consider  two  optical  pulses  incident  on  a  holographic  record¬ 
ing  medium  as  shown  in  the  inset  of  Fig.l.  Let  pulse  F  arrive 
To  seconds  before  pulse  G.  If  we  use  photographic  film  as  the 
recording  medium,  then  an  interference  pattern  will  be  recorded 
only  if  the  pulses  overlap  with  each  other  at  least  panially  in 
time.  But  suppose  we  replace  the  photographic  film  by  a  bank 
of  resonators  such  as  atoms,  with  each  atom  tuned  to  a  slightly 
different  optical  frequency  aiy  In  this  case,  the  interference 
pattern  of  the  two  optical  pulses  F  and  G  can  be  recorded  even 
if  the  pulses  are  never  present  in  the  material  at  the  same  time'. 

If  the  optical  pulse  F  is  sufficiently  brief,  then  its  frequency 
spread  will  be  wide  enough  to  excite  all  of  the  atoms,  much  as 
a  brief  kick  to  a  piano  will  excite  all  of  the  piano's  strings.  Each 
atom  will  continue  to  ring  at  its  own  natural  frequency  ui,.  After 
a  delay  time  To,  the  second  light  pulse  G  arrives,  and  it  will 
transfer  energy  either  into  or  out  of  the  ;th  atom  depending  on 
the  relative  phase  between  the  optical  electric  field  of  G  and 
the  phase  of  the  still-ringing  atom.  Because  each 

atom's  phase  depends  on  its  particular  resonant  frequency  u;,, 
a  given  time  delay  between  the  two  incident  light  pulses  will 
produce  a  unique  pattern  of  excited  and  unexcited  atoms  in 
frequency  space. 

After  interacting  with  both  of  the  light  pulses  F  and  G,  let 
the  absorption  of  the  jth  atom  be  permanently  altered  by  an 
amount  proportional  to  the  atom's  final  energy  (by  a  mechanism 
described  below).  If  the  now  altered  atoms  are  illuminated  by 
a  replica  of  pulse  F,  they  will  absorb  and  re-radiate  light,  again 
at  the  frequencies  (u,  appropriate  to  each  atom.  .At  first,  the 
phases  of  the  re-radiated  light  will  be  incoherent,  but  after  a 
time  of  exactly  To,  the  phases  of  the  different  frequencies  come 
together  to  reproduce  coherently  a  duplicate  of  the  pulse  C  (ref. 
1).  It  can  be  shown^,  however,  that  application  of  a  replica  of 
pulse  C  to  the  altered  atoms  causes  a  re-radiation  of  light  that 
loses  rather  than  gains  phase  coherence  with  the  passage  of 
time.  Unlike  conventional  off-axis  holography,  where  either  light 
beam  can  be  used  to  reconstruct  the  other,  the  bank  of  atoms 
here  records  the  direction  of  time's  arrow. 

In  fact,  as  we  describe  below,  it  is  possible  to  reproduce  an 
image  of  the  scattered  light  that  strikes  the  hologram  before  the 
reference  pulse  arrives.  To  produce  such  an  image,  the  hologram 
is  read  out  by  a  replica  of  pulse  F  applied  in  the  opposite 
direction  to  the  original  pulse;  reversing  the  spatial  orientation 
of  the  readout  pulse  reverses  the  relative  phase  relation  of  the 
re-radiated  light,  and  thereby  leads  to  the  recreation  of  the 
'before'  rather  than  ‘after’  scattered  light. 


*  Mdress  irtstituit  of  P^Y>lC&  tstty'ia  Ac9d«my  Soence  142f^'iaSireei 
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Now  consider  illuminating  an  entire  -cene  wit.h  a  pulsed  laser 
Record  the  reflected  light  C  using  a  bank  of  tuned  resonators, 
and  let  a  reference  pulse  F  also  illuminate  the  resonators,  as 
described  above.  If  the  reference  pulse  arrives  at  the  resonators 
before  any  of  the  reflected  light,  then  the  entire  scene  can  be 
recalled  by  simply  reading  with  another  reference  pulse  But  if 
the  initial  reference  pulse  is  delayed  so  that  it  arrives  after  some 
of  the  reflected  light,  then  reading  I  with  another  reference  pulse ) 
will  only  recreate  the  pans  of  the  image  that  arrived  after  that 
first  reference  pulse,  which  are  the  pans  of  the  scene  that  were 
located  farthest  from  the  resonators.  For  example,  if  the  scene 
consisted  of  the  street  view  of  a  bookshop,  then,  with  a  suitably 
timed  reference  pulse,  the  reconstructed  image  would  show  the 
books  on  display  deep  inside  the  store,  and  would  not  show  the 
reflections  off  the  shop's  front  window 

W'e  constructed  a  bank  of  narrow-band  resonators  by  doping 
a  solid  block  of  polystyrene  with  the  organic  dye  protopor- 
phyrin'*'’.  Each  dye  molecule  acts  as  a  lightly  damped  resonator, 
but  because  of  inhomogeneities  in  the  plastic  matrix,  each  dye 
molecule  has  a  slightly  different  resonant  frequency.  When 
illuminated  by  narrow-band  light  of  frequency  ai.  the  molecules 
that  happen  to  be  in  resonance  with  the  light  become  excited. 
.A  fraction  of  these  excited  molecules  subsequently  relaxes  into 
a  metastable  state  ( thought  to  be  a  tautomerization  of  the  original 
molecule).  Once  in  this  transformed  state  the  molecule’s  absorp¬ 
tion  is  shifted  to  a  completely  different  spectral  region,  so  a 
narrow  'hole'  is  burned  into  the  sample's  absorption  spectrum 
at  the  frequency  ai.  This  spectral  hole  remains  as  long  as  the 
sample  is  kept  cold.  If  cooled  to  a  temperature  of  2  K,  the 
phase-relaxation  time.  T; ,  of  the  molecule’s  upper  level  becomes 
quite  long  (  T-  ■=  1  ns),  so  that  the  absorption  hole  has  a  narrow 
homogeneous  spectral  width  of  Aw  =  l/lrrT:)  =  0.01  cm”'.  The 
polystyrene  matrix  causes  the  net  absorption  spectrum  of  all  of 
the  molecules  to  form  an  inhomogeneously  broadened  band 
extending  over  a  range  of  200  cm”'.  Consequently,  this  material 
resembles  a  bank  of  200/0.01  =20,000  narrow-bands  of  res¬ 
onators  and  we  use  this  ’spectral-hole-burning’  material  to 
record  and  store  the  spectral  (and,  as  we  show  below,  spatial) 
contents  of  an  incident  light  beam. 


FC.  1  Mam  Figure;  experimental  set  up  The  front  object  is  a  frosted  slide 
with  the  letters  HOLD’  pasted  on  the  front  The  rear  object  is  the  letters 
GRAM'  pasted  on  the  back  of  the  same  slide  Inset;  a  Writing  the  hologram 
with  ’wo  light  pulses  separated  in  time  b,  Reading  with  the  earlier  pulse  f 
recreates  the  later  pulse  G  c,  Reading  with  the  later  pulse  G  does  not 
produce  any  diffracted  pulse. 
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!r,  ou'  e\r;r:nien:s,  v.e  UM‘d  a  mm  iHilI  block  of  poK- 
stsrenc  doped  uilh  protoporphyrin  at  a  concentration  of 
10  moll  The  jyeful  sample  area  u  ac  ■>  cm'  The  sample  «  as 
immersed  in  liquid  helium,  and  the  helium  \apours  were  pum¬ 
ped  to  redusc  the  temperature  to  T  K.  The  peak  of  the  broad 
absorption  •.eaturc  was  at  A-b21nm.  at  which  the  optical 
density  was  IP  The  light  source  was  a  continuous-wase 
modelocked  \d.'i  AG  laser  (Coherent  Antares  T6sl  which  s\n- 
chronousls  pumped  a  tunaole  dse  laser  (Coherent  TOl  i  to  pro¬ 
duce  pulses  haling  an  intensity  '.yidth  of  8  ps  full  width  at  half 
maxim.um  'FUHMi.  iThese  pulses  are  not  transform-limited; 
they  haye  a  coherence  width  of  onK  0,5  ps.l  The  repetition  rate 
of  the  laser  pulses  was  'P  MHz.  .A  beamsplitter  divided  the  beam 
Irom  the  picosecond  dye  laser  into  a  reference  beam  and  a 
separate  beam  to  illuminate  the  sanous  objects  in  the  scene,  as 
showninFig  1  The  reference  beam  was  expanded  by  a  telescope 
to  illuminate  the  entire  polystyrene  block.  Scattered  light  from 
the  illuminated  objects  simply  propagated  to  the  polystyrene 
block  with  no  mie'nening  lens.  The  angle  between  the  reference 
beam  and  the  image-bearing  beam  was  -  14°. 

The  recorded  scene  consisted  of  two  objects.  The  nearby 
object  was  a  1  o-mm-thick  glass  slide  with  the  letters  'HOLO' 
attached  to  its  front  surface.  The  distant  object  was  a  white 
paper  screen  carrying  the  letters  'GR.AM',  which  was  pressed 
against  the  back  of  the  transparent  slide  so  the  separation 
between  the  two  objects  was  "I  mm.  To  increase  the  amount 
of  light  scattered  by  the  slide,  its  front  surface  was  coated  with 
a  frosting  aerosol  spray  ( .seyv  York  Bronze  Powder  Co.)  The 
slide  was  illuminated  from  the  front.  Of  the  scattered  light  from 
the  slide  reaching  the  polystyrene  block.  ~80%  came  from  the 
front  sprayed  surface  of  the  slide,  and  only  -20%  came  from 
the  rear  surface.  Viewing  the  laser-illuminated  slide  by  eye  from 


the  position  of  the  polystyrene  b  osk,  one  sOuld  siear!'.  re.id 
the  words  HOLO.  but  the  mlerise  glare  from  the  front  arf.j.e 
almost  completely  obscured  the  letters  C,R  AM  losJie'  lear  me 
back  of  the  slide 

Light  from  the  laser  reached  the  front  of  the  slide  '  ps  before 
It  reached  the  back  of  the  slide.  C  onsequcntly,  light  from  the 
front  of  the  slide  reached  the  storage  medium  10  ps  itwice  the 
glass  trayel-through  time  i  before  light  from  the  back  of  the  slide, 
in  the  first  experiment  a  hologram  was  recorded  yyith  the  refer¬ 
ence  beam  timed  to  arme  before  both  of  these  object  wa’.es 
In  the  second  experiment  a  hologram  was  recorded  yyith  the 
reference  beam  carefully  timed  to  arnye  within  the  Hi  ps  inter-al 
between  the  two  object  wayes. 

TLie  reference  beam  and  the  object  beam  each  had  an  ay  erjge 
intensity  of  0.2  m\V  cm"'  at  the  location  of  the  storage  medium 
.All  exposure  time  of  2-.L  minutes  yvas  needed  to  record  a 
hologram  yvith  a  fluence  of  70- 100  mJ  cm "  ' .  corresponding  to 
10'"  identical  pairs  of  laser  pulses.  To  write  the  first  hologram 
we  tuned  the  laser  wayelength  to  the  absorption  maximum  of 
the  medium  at  621  nm  1 10.450  cm  ' ).  Because  the  absorption 
spectrum  is  200cm''  wide  and  the  dye-laser  pul  es  haye  a 
spectral  bandwidth  of  only  —.'0cm'',  we  could  change  the 
wavelength  of  the  dye  laser  by  -30 cm"'  and  men  record  a 
new  hologram  in  a  fresh'  spectral  region  of  the  storage  medium 
without  affecting  any  previously  stored  holograms.  The  different 
holograms  written  at  different  centre  wavelengths  were  later 
selectively  read  out  by  simply  adjusting  the  centre  wavelength 
of  the  reading  dye-laser  pulse.  In  the  absence  of  all  illumination 
these  holograms  lasted  for  as  long  as  the  sample  was  kept  cold. 

We  read  the  holograms  by  blocking  the  light  coming  from 
the  objects  and  illuminating  the  hologram  w  ith  only  the  reference 
beam.  Figure  la  shows  the  reconstructed  image  when  the 


light  from  the  front  object  (frosted  glass)  but  before  light  from  the  rear 
object.  The  front  object  is  no  longer  reconstructed,  whereas  the  rear  object 
(GRAM)  IS  now  plainly  visible 
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hologram  was  recorded  using  a  reference  beam  ihal  arrived  a 
few  picoseconds  before  any  of  the  light  from  the  glass  slide. 
The  letters  HOLO  on  the  front  of  the  slide  are  plainly  visible, 
but  the  glare  from  the  front  of  the  slide  almost  obscures  the 
letters  GRAM  near  the  back  of  the  slide.  Figure  2b  shows  the 
reconstructed  image  when  the  reference  beam  pulse  was  care¬ 
fully  set  to  arrive  after  light  from  the  distant  object  but  before 
light  from  the  nearby  object.  Now  only  the  distant  object  was 
reconstructed,  and  the  nearby  object  was  eliminated.  We  empha¬ 
size  that  the  light  from  these  objects  need  not  arrive  at  the 
polystyrene  block  at  the  same  time  as  light  in  the  reference  pulse 
for  the  hologram  to  be  recorded.  In  fact,  because  the  coherence 
time  of  the  light  pulses  was  only  0.5  ps,  and  because  we  set  the 
reference  beam  to  arrive  at  the  storage  medium  ~5ps  before 
the  light  from  the  back  of  the  slide,  the  reference  and  object 
beams  could  not  have  produced  a  conventional  intensity  inter¬ 
ference  pattern  in  the  storage  medium.  We  note  that  the 
ma.ximum  time  delay  permitted  between  the  object  and  reference 
beams  was  lO'  ps  and  is  set  by  the  phase-decay  time  T-  of  the 
sample. 

In  the  experiment  reported  here  we  could  selectively  recon¬ 
struct  those  objects  that  sent  light  to  the  hologram  after  the 
reference  pulse  had  arrived.  For  some  applications,  however,  it 
is  desirable  to  do  the  opposite  and  recreate  the  light  that  arrived 
before  the  reference  pulse.  For  example,  consider  the  problem 
of  imaging  an  object  that  is  embedded  in  a  scattering  medium, 
such  as  a  tumour  embedded  in  breast  tissue.  Illuminate  the 
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tissue  from  behind  v.ith  a  short  laser  pulse.  Light  transmilied 
through  the  tissue  without  any  scattering  will  emerge  before 
light  that  has  been  multiply  scattered  by  the  tissue  .  Because 
the  eye  records  all  of  this  light,  and  because  the  scattered  light 
overwhelms  the  unscattered  light,  the  tumour  remains  unseen. 
But  if  light  that  arrived  earlier  at  the  eye  could  be  selectively 
enhanced,  than  a  shadowgram  of  the  tumour  would  become 
visible. 

This  selection  of  early  light  over  late  light  can  be  accomplished 
by  simply  altering  the  direction  of  the  readout  beam  used  in  the 
experiments  above.  Instead  of  using  a  readout  beam  in  the  same 
direction  as  the  reference  beam,  one  should  use  a  readout  beam 
that  is  directed  exactly  opposite  to  the  direction  of  the  original 
reference  beam.  This  is  the  ‘four-wave  mixing’  geometry  of 
traditional  phase-conjugation  experiments*,  but  with  a  spectral- 
hole-burning  material  now  only  the  light  that  arrived  before  the 
reference  beam  is  holographically  reconstructed  in  the  final 
image.  In  this  way  light  scattered  from  back-lighted  tissue  could 
be  eliminated,  while  light  travelling  directly  through  the  tissue 
could  be  preserved,  and  would  form  a  shadowgram  of  featu-'es 
embedded  in  the  tissue.  We  caution  that  this  scheme  requires  a 
very  large  dynamic  range  for  the  hologram,  because  in  thick 
tissue  the  scattered  light  can  be  much  more  intense  than  the 
unscattered  light.  We  estimate  that  our  present  spectral- 
hole-buming  medium  has  a  dynamic  range  limited  to  ~10*. 
Experiments  to  demonstrate  such  selective  imaging  are  in 
progress.  □ 
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The  Photorefractive  Effect 

.-\  laser  beam  passing  through  a  en  stal  can  suddenly  burst  into  a 
spray  of  light.  7'his  photorefractive  effect  mav  be  the  key  to 
developing  computers  that  exploit  light  instead  of  electricit)’ 

by  Da\1d  M.  Pepper,  Jack  Feinberg  and  Nicoiai  V’.  Kukhtarev 


When  Arthur  Ashkm  and  his 
colleagues  at  Bell  Laboratories 
hrst  noticed  the  photorefrac- 
n\  e  effect  some  -ii  \ecirs  ago,  the\'  con¬ 
sidered  the  phenomenon  a  cunosiri  at 
best  and  a  complete  nuisance  at  tvorst. 
Today  photorefractiv  e  materials  are  be¬ 
ing  shaped  into  components  for  a  new 
generation  of  computers  that  exploit 
light  instead  of  electricip: 

Ashkin  was  experimenting  with  a 
ciystal  of  lithium  niobate  ( U\bO , )  that 
he  hoped  would  convert  one  color  of 
intense  laser  light  to  another  (a  pro¬ 
cess  technically  called  second-harmon¬ 
ic  generation).  As  part  of  his  tests,  he 
directed  a  laser  beam  through  the 
costal.  At  first,  the  crf  stal  performed 
quite  admirably,  allowing  light  to  pass 
through  undisturbed.  But  after  a  few 
minutes,  the  costal  began  to  distort 
the  beam,  scattering  light  around  the 
laboratoo'.  Somehow  the  laser  light 
had  altered  the  optical  properties  of 
the  costcil  itself.  This  photorefractive 
effect  would  persist  in  the  enstal  for 
days.  If  the  workers  bathed  the  costal 
in  a  uniform  beam  of  light,  however. 
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the  erv  stal  would  once  again  transmit 
an  undistorted  beam. 

During  the  past  T3  vears  investi¬ 
gators  hav  e  discovered  a  wide  variety 
of  photorefractiv  e  materials,  including 
insulators,  semiconductors  and  organ¬ 
ic  compounds.  Photorefractive  mate¬ 
rials,  like  film  emulsions,  change  rap¬ 
idly  when  exposed  to  bright  light,  re¬ 
spond  slowly  when  subjected  to  dim 
light  and  capture  sharp  detail  when 
struck  by  some  intricate  pattern  of 
Ught.  Unlike  film,  photorefractive  mate¬ 
rials  are  erasable:  images  can  be  stored 
or  obliterated  at  whim  or  by  design. 

By  virtue  of  their  sensitivity,  robust¬ 
ness,  and  unique  optical  properties, 
photorefractive  materials  have  the  po¬ 
tential  to  be  fashioned  into  data-pro- 
cessing  elements  for  optical  comput¬ 
ers.  In  theory,  these  devices  would 
allow  optical  computers  to  process  in¬ 
formation  at  much  faster  rates  than 
their  electronic  counterparts.  Employ¬ 
ing  photorefractive  materials,  workers 
have  already  dev  eloped  the  optical  ana¬ 
logue  to  the  transistor;  if  two  laser 
beams  interact  within  a  photorefractive 
matericil,  one  beam  Ccin  control,  switch 
or  ampUfy  the  second  beam.  Photore¬ 
fractive  materials  also  lie  at  the  heart 
of  devices  that  trace  the  edges  of  images, 
that  connect  networks  of  lasers  and 
that  store  three-dimensional  images. 

Because  the  optical  properties  of 
photorefractive  materials  can  be 
modified  by  the  very  light  that 
passes  through  them,  they  are  cate¬ 
gorized  as  nonlinear  optical  media. 
In  linear  optical  media— such  as  lens¬ 
es,  prisms  and  polarizing  filters— light 
beams  merely  pass  through  one  anoth¬ 
er,  without  changing  the  properties  of 
the  material. 

The  photorefractive  effect  is  closely 
related  to  another  nonlinear  phenome¬ 
non  known  as  the  photochromic  effect. 
The  light  that  strikes  a  photochromic 
material  can  change  the  amount  of 
light  that  the  medium  absorbs.  Photo¬ 
chromic  materials,  which  are  incorpo¬ 


rated  in  certain  brands  of  sunglasses, 
darken  in  bright  sunlight  and  lighten  in 
dark  rooms. 

In  photorefractive  materials,  the  bght 
that  bombards  the  matenal  affects  how 
fast  light  travels  through  it.  More  spe¬ 
cifically,  the  photorefractive  effect  is  a 
process  in  which  light  alters  the  refrac- 
tive  index  of  a  material.  (The  refractive 
index  is  the  ratio  of  the  speed  of  bght 
in  a  V  acuum  to  that  in  the  material. ) 

Most  transparent  materials  vvill 
change  their  refractive  index  if  bom¬ 
barded  by  bght  of  sufficient  intensi¬ 
ty.  Light  is  a  travebng  electromagnet¬ 
ic  wave  whose  electric  field  strength 
is  proportional  to  the  square  root  of 
the  intensity  of  bght.  For  instance,  an 
optical  beam  whose  intensity  is  100 
niilbon  watts  per  square  centimeter  is 
equivalent  to  an  electric  field  strength 
of  about  100,000  volts  per  centimeter. 
IMien  such  intense  bght  is  directed  at 
a  transparent  material,  it  disrupts  the 
positions  of  the  atoms,  changing  the 
refractive  mdex  by  a  few  parts  in  one 
milbon,  .As  a  result  of  the  change,  the 
material  can  act  like  a  prism  or  a  lens 
to  deflect  bght. 

The  term  “photorefractive"  is  usuaUy 
reserved,  however,  for  materials  whose 
refractive  index  changes  in  response  to 
bght  of  low  intensity.  In  photorefrac¬ 
tive  materials,  bght  beams  as  weak  as 
one  thousandth  of  a  watt  per  square 
centimeter  can  alter  the  arrangement 
of  atoms  in  a  crystal,  changing  the  re¬ 
fractive  mdex  as  much  as  a  few  parts 
in  10,000.  .And  unlike  most  transparent 
materials,  the  change  in  photorefrac¬ 
tive  crystals  is  semipermanent:  if  an 
altered  crystal  is  isolated  from  all  sour¬ 
ces  of  bght,  the  change  in  the  refractive 
index  can  last  from  milbseconds  to 
years,  depending  on  the  material.  In 
this  marmer,  one  can  store  information 
in  the  form  of  images  in  a  crystal. 


LASER  BEAM  striking  a  5-mm  crystal  of 
barium  titanate  scatters  into  a  fan  of 
light  owing  to  the  photorefractive  effect. 
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HOW  LIGHT  ALTERS  THE  OPTICAL  PROPERTIES 
OF  A  PHOTOREFRACTIVE  CRYSTAL 
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1 .  Two  laser  oeams  interfere  m  a 
photorefractive  crystal  to  form  a 
pattern  of  bright  and  dark  regions. 


2  Mobile  electrons  migrate  away 
from  bright  regions  of  the  crystal. 


3.  Mobile  electrons  accumulate  m 
the  dark  regions,  leaving  regions 
of  positive  charge. 
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4  An  electric  field  forms  between 
regions  of  positive  and  negative 
charge. 


5  The  electric  field  distorts  the 
crystal  lattice. 


6.  The  distortion  causes  light  to 
travel  slower  through  some 
regions  and  faster  through  others. 
More  specifically,  the  retractive 
index  is  altered  periodically.  The 
refractive-index  grating  is  shifted 
one  quarter  of  a  period  in  space 
from  the  light  padern. 


How  ran  a  weak  beam  of  light  cause 
such  a  strong  change  in  the  refractive 
inde.\  of  a  crystal?  In  the  late  1960s 
F.  S.  Chen  of  Bell  Laboratories  ad¬ 
vanced  the  basic  model  of  the  photore¬ 
fractive  effect.  Just  as  a  single  ant  can 
mov  e  a  large  mound  of  sand  one  grain 
at  a  time,  a  weak  beam  of  light  can 
gradually  build  up  a  strong  electric 
field  by  moving  electric  charges  one 
by  one.  In  photorefractive  crystals, 
charges  diffuse  away  from  bright  re¬ 
gions  and  pile  up  in  dark  regions.  .As 
more  and  more  charges  are  displaced, 
the  electric  field  inside  the  cry  stal  in¬ 


creases,  attaining  a  strength  as  high  as 
10,000  volts  per  centimeter.  The  elec¬ 
tric  field  will  distort  the  crystal  lattice 
slightly  (about  .01  percent),  thereby 
modifying  the  refractive  mdex. 

The  source  of  these  electric  charg¬ 
es  apparently  lies  m  defects  m  the  crys¬ 
tal  lattice  of  the  material.  The  defects 
can  be  mechanical  flaws  m  the  lattice 
structure  (missmg  atoms  at  certain 
lattice  sites),  substitutional  dopants  (a 
foreign  atom  at  some  lattice  site)  or 
interstitial  dopants  (a  foreign  atom 
wedged  between  native  atoms).  Very 
small  amounts  of  these  defects,  on  the 


order  of  parts  per  million,  c,an  cause 
the  photorefractive  effect 
Each  cry  stal  defect  can  be  the  source 
of  an  extra  charge,  which  can  be  either 
electrons  (particles  of  negative  charge) 
or  holes  (regions  of  posirive  charge), 
depending  on  the  particular  crystal.  In 
the  dark,  these  charges  are  trapped;  in 
the  presence  of  light,  they  are  free  to 
roam  withm  the  crystal  until  they  e\  en- 
lualJy  become  caught  again.  If  light  il- 
lummates  charges  m  one  region  of  the 
crystal,  they  will  diffuse  away  from 
that  region  and  accumulate  m  the  dark, 
in  the  way  cockroaches  scurry  under¬ 
neath  furniture  to  avoid  light. 

Each  charge  that  moves  inside  the 
crystal  leaves  behmd  an  immobile 
charge  of  the  opposite  sign.  In  the  re¬ 
gion  between  these  positive  and  nega- 
tiv  e  charges,  the  electric  field  is  strong¬ 
est,  and  the  crystal  lattice  vvill  distort 
the  most.  .A  beam  of  light  that  passes 
through  this  region  of  the  cry  stal  will 
experience  a  different  refractive  index 
from  that  of  the  unaffected  regions. 

The  time  it  takes  for  light  to  rear¬ 
range  charges  in  a  crystal  depends 
on  the  intensity  of  the  light  and 
also  on  how  fast  charges  migrate  m  the 
crystal.  Weak  light  takes  longer  than 
strong  light  to  build  up  the  same  elec¬ 
tric  field.  For  low-mtensity  light  (about 
.01  watt  per  square  centimeter),  it  can 
take  minutes  for  the  charges  to  reach 
their  equilibrium  pattern.  For  high-m- 
tensity  light  (about  a  billion  warts  per 
square  centimeter),  the  response  time 
can  be  less  than  a  nanosecond.  .A  pho- 
torefractive  crystal,  like  photographic 
film,  requires  a  certain  amount  of  light 
to  complete  its  "exposure." 

The  change  in  refractive  index  is  lin¬ 
early  proportional  to  the  strength  of 
the  electric  field  if  the  crystal  lattice 
lacks  a  certain  property  called  an  inver¬ 
sion  syTnmetry.  The  electric  field  will 
remain  in  the  crystal  long  after  the 
light  is  removed,  just  as  the  mound  of 
sand  remains  in  its  new  location  long 
after  the  ants  have  left. 

One  of  the  most  useful  consequenc¬ 
es  of  the  photorefractive  effect  is  the 
exchange  of  energy  befiveen  two  laser 
beams,  which  is  also  known  as  two- 
beam  coupling.  If  two  laser  beams  of 
the  same  frequency  intersect,  they  will 
interfere  and  produce  a  stationary  jjat- 
tem  of  bright  and  dark  regions— or 
more  specifically  a  pattern  whose  in¬ 
tensity  varies  sinusoidally  with  posi¬ 
tion  in  the  crystal.  If  this  sinusoidal 
pattern  of  light  forms  within  a  photo¬ 
refractive  crystal,  electric  charges  will 
move  to  generate  an  electric  field 
whose  strength  also  varies  sinusoidal¬ 
ly.  The  resultant  field  will  distort  the 
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cn  stii!  Ijltin'  i;i  j  siiniUir  periodic  man¬ 
ner.  prodncinj;  chan.irc-  in  the  retrac¬ 
tive  index.  I  Itiniaielv  .1  "relracnve-in- 
de\  pratinp"  (also  i.illeci  a  relrai liv e-in- 
dex  Volume  hologram'  will  be  lormed 
vvithin  the  crvsial. 

The  electric  tield  and  the  refractive- 
index  itratinK  vull  have  the  same  peri- 
odicitv  as  the  light  pattern,  but  they 
will  be  shifted  bv  one  quarter  of  a  peri¬ 
od  in  space  from  the  incident  light. 
This  displacement— called  a  90-degree 
phase  shift— is  the  optimal  configura¬ 
tion  for  the  exchange  of  energy  be¬ 
tween  the  original  tv\o  laser  beams. 

Once  the  refractive-index  grating  has 
been  established  in  the  crvstal,  some  of 
the  light  of  one  beam  will  be  deflected, 
or  diffracted,  by  the  grating  in  the  di¬ 
rection  of  the  other  beam  (and  vice  ver- 
sai.  Hence,  the  two  deflected  beams 
will  interfere  v\ith  the  two  original 
beams— constructivelv  in  one  case  and 
destructivelv  m  the  other.  In  the  case 
of  constructs  e  interference,  the  peaks 
of  the  light  vvav  es  in  one  of  the  deflect¬ 
ed  beams  combine  vvath  the  peaks  of 
one  of  the  original  beams,  and  the 
beams  therefore  reinforce  each  other. 
In  the  case  of  destructiv  e  interference, 
the  peaks  of  the  waves  from  the  other 
deflected  beam  combine  with  the  val¬ 
leys  from  the  other  original  beam,  and 
the  light  waxes  diminish  each  other. 
The  beam  formed  from  constructive  in¬ 
terference  vvill  emerge  from  the  crystal 
stronger  than  when  it  entered,  whereas 


the  beam  formed  from  destructive  in¬ 
terference  vvill  emerge  weaker.  Hence, 
one  of  the  beams  will  have  gained  ener- 
gv  from  the  other.  Uhich  beam  gains 
and  vxhich  beam  loses  is  determined 
bv  the  orientation  of  the  crvstal  and 
whether  the  charge  carriers  are  holes 
or  electrons. 

Photorefractive  matenals  e.\hibit  two- 
beam  coupling  because  the  optical  pat¬ 
tern  and  the  refracnx  e-index  grating 
are  shifted  in  space.  Two-beam  cou¬ 
pling  is  not  found  in  most  nonlinear 
materials,  however,  because  the>  re¬ 
spond  "locally"  to  optical  beams  (for 
example,  atomic  orbitals  are  deformed 
by  the  intense  electric  fields  of  the  la¬ 
ser  beams).  In  most  nonlmear  materi¬ 
als.  therefore,  the  optical  pattern  and 
grating  preciseh  overlap.  The  light  de¬ 
flected  by  the  grating  interferes  vvlth 
each  of  the  undeflected  beams  in  exact¬ 
ly  the  same  way.  Thus,  the  two  beams 
exchange  an  equal  amount  of  energy, 
so  neither  grows  in  intensity. 

To  enhance  the  photorefractive 
effect,  investigators  have  learned 
to  control  the  flow  of  charge 
within  a  material.  The  two  mechanisms 
that  control  the  flow  of  charge  in  a 
cr>stal  are  diffusion  and  drift.  They  are 
analogous  to  the  diffusion  and  drift  of 
smoke  from  a  burning  ember.  Left  on 
its  own,  smoke  will  diffuse  to  regions 
of  low  smoke  density.  If  a  slight  breeze 
is  blowing,  however,  the  smoke  will 


drill  in  j  particular  dirccnon.  Ihc  par 
tales  in  ihc  smoke  behave  like  niobiic 
charges  in  a  photoretraeiive  material: 
the  charges  tend  to  move  toward  re¬ 
gions  ot  lovv  charge  densitv,  and  thev 
drill  in  response  to  anv  electric  held. 

The  simple  diffusion  of  charges  from 
bright  regions  to  dark  regions  of  a 
cry  stal  does  not  produce  the  strongest 
electnc  field  possible.  In  1981  Jean- 
Pierre  Huignard  and  .Abdellaiif  Mar- 
rakchi  of  Thomson-CSF  Laboratories  in 
Orsav ,  France,  applied  an  electnc  field 
e\iernall>  to  a  photorefractive  crystal 
to  build  up  a  spatially  varying  field 
stronger  than  that  produced  by  diffu¬ 
sion  alone.  The  applied  electnc  field, 
however,  shifted  the  refractive-index 
grating  away  from  the  optima)  quarter- 
cy  cle  phase  shift. 

To  prevent  this  nonoptimal  spatial 
shifting  of  the  grating,  Sergei  I.  Stepa¬ 
nov  and  .\Iikhail  P.  Petrov  of  the  A.  F. 
Ioffe  Phy  sico-Techrucal  Institute  of  the 
Soviet  .Academy  of  Sciences  in  Len¬ 
ingrad  developed  a  clever  technique. 
Uhen  they  applied  an  external  electric 
field  that  rapidly  alternated  its  direc¬ 
tion.  the  charges  would  preferentially 
drift  in  one  direction  for  the  first  half 
cycle  of  the  applied  field  and  in  the  op¬ 
posite  direction  for  the  next  half  cy  cle. 
The  process  is  similar  to  having  rivo 
people  alternately  blow  on  a  burning 
ember  from  opposite  sides.  The  result¬ 
ing  smoke  pattern  is  both  intensified 
and  spread  out  farther  in  space  but  has 
the  same  average  location  as  if  no  net 
wind  were  present.  In  photorefractive 
crystals  the  process  yields  an  internal 
electric  field  larger  than  that  produced 
by  diffusion  alone,  and  the  refractive- 
index  grating  has  the  same  average 
quarter-cycle  phase  shift  as  if  no  drift 
field  were  present. 

Workers  have  used  this  technique 
to  enhance  the  efficiency  of  two -beam 
coupling  as  well  as  an  effect  called 
beam  fanning  (technically  known  as 
stimulated,  forwcird  photorefractive 
scattering).  Discovered  in  the  1970s, 
beam  fanning  is  perhaps  one  of  the 
most  intriguing  nonlinear  optical  phe¬ 
nomena.  It  can  be  observed,  for  exam¬ 
ple.  when  a  pencil-thin,  weak  beam 
from  a  helium-neon  laser  illuminates  a 
crystal  such  as  barium  titanate  ( BaTiOj ). 
Initially  the  beam  passes  through  the 
cry  stal  unaltered.  Mter  a  second  or  so 
(the  time  depends  on  the  intensity  of 
the  light),  the  beam  begins  to  spread 
out  In  the  crystal,  curving  to  one  side. 
In  the  process  the  cun  ed  beam  divides 
into  many  rays  that  appear  to  spray 
out  into  a  broad  fan  of  light— hence  the 
term  "beam  fanning."  Depending  on 
the  choice  of  photorefractive  crystal, 
the  emerging  light  in  cross  section  can 
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COHERENT  OPTICAL  EXCISOR  scatters  intense  light  from  a  laser  but  transmits 
weak  light  from  a  lamp.  Here  the  excisor  protects  a  camera  from  the  damaging 
laser  rays.  The  laser  beam,  which  consists  of  a  single  frequency  of  light,  scatters 
off  defects  in  the  photorefractive  crystal  and  then  interferes  with  itself.  The  inter¬ 
ference  pattern  creates  a  refractive-index  grating.  As  a  result,  most  of  the  laser 
light  is  scattered  to  one  side  of  the  crystaL  a  process  called  beam  fanning.  Because 
the  lamp  light  consists  of  many  frequencies,  neither  an  interference  pattern  nor  a 
grating  Is  created,  and  so  most  of  the  lamp  light  is  transmitted  through  the  crystal. 
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PHASE-CONJUGATE  MIRROR  made  from  a  photorefractive  crystal  allows  com¬ 
munication  through  the  atmosphere.  The  receiving  station  emits  a  beam  of  light. 
As  the  beam  travels  through  the  atmosphere,  it  spreads  out  and  distorts.  At  the 
transmitting  station  a  photorefractive  crystal  either  reflects  or  transmits  the  light 
that  hits  it,  depending  on  the  voltage  applied  through  the  electrodes.  Because  the 
crv'stal  acts  as  a  phase-conjugate  mirror,  the  reflected  light  is  time-reversed.  A 
message  can  be  encoded  by  alternately  reflecting  and  transmitting  the  light  As  the 
time-reversed  message  beam  interacts  tsith  the  atmosphere,  all  distortions  are 
removed  from  the  beam,  and  the  message  can  be  decoded  at  the  receiving  station. 


assume  the  shape  of  a  beautiful  array 
of  elliptical  patterns  and  can  have  dif¬ 
fering  polarization  components. 

Beam  fanning  results  from  an  energy 
e.\change  bepNeen  the  incident  beam  of 
light  and  light  randomly  scattered  by 
ciy  stal  defects.  Light  scattered  by  a  de¬ 
fect  interferes  with  the  unscattered 
beam,  forming  a  refracti\e-index  grat¬ 
ing  because  of  the  photorefractive  ef¬ 
fect,  Once  this  occurs,  the  unscattered 
light  can  transfer  additional  energy  to 
the  scattered  beam.  It  turns  out  that 
the  energy  -exchange  mechanism  is  not 
isotropic,  and  so  the  scattered  beams 
of  light  become  preferentially  intensi- 
hed  only  o\  er  a  finite  range  of  angles. 
This  intensified,  scattered  beam  is  then 
randomly  scattered  by  other  crystal  de¬ 
fects,  and  the  process  is  repeated.  .As 
a  result,  a  large  number  of  scattered 
beams  fan  out  from  the  original  beam. 
Depending  on  the  orientation  of  the 
cry  stal  and  the  point  at  which  the  inci¬ 
dent  laser  beam  enters  the  cry  stal,  the 
fanned  beam  can  be  made  to  cune 
through  shallow  angles  (barely  curv¬ 
ing  through  the  crystal)  or  over  rather 
large  angles  (striking  an  extreme  cor¬ 
ner  of  the  crystal). 

Beam  fanning  and  other  photore¬ 
fractive  effects  have  been  exploit¬ 
ed  in  such  applications  as  coher¬ 
ent  beam  excisors,  optical  interconnec¬ 
tion  elements,  phase-conjugate  mirrors. 


novelty  filters  and  edge  enhancement 
of  images. 

The  coherent  optical  excisor— first 
described  in  1985  by  Mark  Cronin- 
Golomb  and  .Amnon  Yariv  of  the  Cali¬ 
fornia  Institute  of  Technology— can  po¬ 
tentially  filter  out  light  that  scatters 
from  high-intensity  laser  beams.  The  ex¬ 
cisor  has  the  potential  to  protect  sen¬ 
sitive  optical  detectors,  which  may  be 
necessary  to  monitor  high-power  lasers 
during  industricil  processes  such  as  an¬ 
nealing  and  welding.  The  e.xcisor  can 
also  prev  ent  damage  to  video  cameras 
[see  illustration  on  page  66]. 

The  key  component  of  the  coherent 
optical  excisor  is  a  photorefractiv  e  crys¬ 
tal.  which  is  placed  in  front  of  the  de¬ 
tector  or  the  '•amera’s  lens.  The  intense 
beam  can  be  diverted  away  from  the 
detector  because  the  beam-fanning  ef¬ 
fect  essentially  guides  the  coherent  la¬ 
ser  light  to  the  side  as  it  travels  through 
the  cry  stal.  The  detector  or  camera  can 
view  the  object  in  the  presence  of  in¬ 
tense  light,  however,  because  the  back¬ 
ground  room  light  scattered  from  the 
rest  of  the  object  passes  through  the 
cry  stal  essentially  unaltered. 

Beam  fanning  also  plays  an  impor¬ 
tant  role  in  phase-conjugate  mirrors 
made  from  photorefractive  materials. 
These  mirrors  possess  the  peculiar 
property  that  an  optical  beam  “reflect¬ 
ed  ”  from  them  will  travel  exactly  back¬ 
ward  in  space  as  if  time  were  reversed. 


Because  of  this  propi-rn,  phase-con|u- 
gate  murors  have  nivnad  applications 
in  the  hclds  of  optical  communica¬ 
tions,  high-powcT  lasers  and  optical 
computing.  As  an  example,  they  can 
be  incorporated  into  a  system  to  cor¬ 
rect  undesirable  aberrations  that  laser 
beams  sometimes  acquue  dunng  prop¬ 
agation  through  distorting  media  or 
powerful  laser  amplifiers  [see  "Applica¬ 
tions  of  OptiCcil  Phase  Conjugation  "  by 
David  M.  Pepper;  SciLvnric  -Ameri- 
C.A.V.  January,  19861. 

In  1977  Robert  U  .  Hellwarth  of  the 
University  of  Southern  California  sug¬ 
gested  a  basic  configuration  for  phase- 
conjugate  mirrors,  and  two  y  ears  later 
Sergei  G.  Odulov  and  one  of  us  ( Kukh- 
tarev )  and  independently  Huignard  and 
his  co-workers  produced  such  a  mir¬ 
ror  that  incorporated  photorefractive 
materials.  In  1982  one  of  us  (Feinberg) 
serendipitously  discovered  i  class  of 
phase-conjugate  mirrors  that  many  in¬ 
vestigators  use  today .  Feinberg  had  fo¬ 
cused  three  laser  beams  on  a  cry  stal  of 
barium  titanate.  One  beam  contained 
the  light  waves  whose  time-reversed 
replica  was  sought;  the  two  additional 
“pump"  beams  were  needed  to  form 
the  phase-conjugate  mirror  (or  so  Fein¬ 
berg  and  his  colleagues  thought  at  the 
time).  To  check  the  experiment,  Fein¬ 
berg  blocked  the  pump  beams  to  en¬ 
sure  that  the  presumed  time-reversed 
beam  did  not  arise  merely  from  a  sim¬ 
ple  reflection  from  a  crystal  face.  At 
first,  the  time-reversed  beam  obedient¬ 
ly  vanished.  But  after  a  short  time,  the 
time-reversed  beam  surprisingly  reap¬ 
peared.  Feinberg  had  found  a  phase- 
conjugate  mirror  that  required  only  a 
single  beam.  Feinberg's  elegant  device 
is  an  example  of  a  more  general  class 
of  self-pumped,  phase<onjugate  mir¬ 
ror,  which  was  pioneered  by  Jeffrey 
O.  White,  Mark  Cronin-Golomb,  Baruch 
Fischer  and  .Amnon  I'ariv  of  Cal  Tech. 

.Although  phase-conjugate  mirrors 
can  be  made  from  many  classes  of 
nonlinear  optical  materials,  photo¬ 
refractive  elements  have  several  dis- 
tmet  advantages;  first,  the  mirrors  re¬ 
quire  only  one  input  beam— the  very 
beam  whose  phase-conjugate  replica 
is  sought— thus  forming  the  so-called 
self-pumped  phase  conjugator;  and 
second,  very  low  laser  powers  and  in¬ 
tensities  can  initiate  the  process  lead¬ 
ing  to  the  time-rev  ersed  beam. 

Why  does  nature  love  the  phase-con¬ 
jugate  beam?  .A  partial  answer  to  this 
question  posed  by  Hellwarth  can  be  ad¬ 
vanced  at  least  in  the  case  of  barium  ti¬ 
tanate,  as  postulated  by  Kenneth  Mac¬ 
Donald,  then  at  the  University  of  South¬ 
ern  California,  and  one  of  us  (Feinberg). 
After  a  short  time,  beam  fanning  caus- 
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t's  the  irmcli'nt  laser  light  to  be  swept 
preferentialh  to  one  side  of  the  tr\s- 
tal.  If  the  incident  beam  and  crtstal  are 
positioned  so  that  the  fanned  beam 
IS  swept  Into  a  far  corner  of  the  ens- 
tal,  the  lanned  beam  undergoes  n\o  in¬ 
ternal  reflections,  esseniialK  folding 
back  onto  itself.  This  reflected  beam 
fans  again  back  along  the  direction 
of  the  incident  beam.  Out  of  all  the 
scattered  beams  inside  the  crystal,  the 
time-re\ersed  beam— b\  \irtue  of  its 
backtvard  trajectorc  — gains  more  ener¬ 
gy  than  the  other  scattered  beams.  This 
beam- rev  ersal  process  can  be  \er\  effi¬ 
cient:  (lO  percent  of  the  power  in  the  in¬ 
cident  beam  can  emerge  as  the  phase- 
conjugate  beam. 

One  of  us  t  Pepper  >  has  added  an  ad¬ 
ditional  ncist  to  this  no\el  phase-conju¬ 
gate  mirror.  Pepper  attached  electrodes 
to  a  photorefracthe  cry  stal  to  apple  a 
time-earying  electric  field  across  the 
crystal.  When  a  laser  beam  strikes  this 
cry  stal,  it  not  only  is  time-recersed  but 
also  can  be  pulsed  in  time  like  a  shut¬ 
tered  mirror.  In  this  manner,  pulsed  in¬ 
formation  can  be  relayed  from  the  con¬ 
jugate  mirror  back  to  the  laser  source; 
the  time-re\ersed  namre  of  the  beam 
guarantees  that  the  hvo  communica¬ 
tion  points  remain  locked  onto  each 
other.  This  scheme  can  be  used  to  es¬ 
tablish  a  communications  channel  be¬ 
tween  two  satellites  or  to  relay  infor¬ 
mation  from  a  remote  sensor  placed  at 
one  end  of  an  optical  fiber  lirik  [see  il¬ 
lustration  on  page  70  ]. 

Another  application  that  takes  ad- 
\  antage  of  the  energy -exchange 
L  mechanism  is  a  dc\ice  called  a 
novelty  filter,  which  highlights  what¬ 
ever  is  changing  in  a  highly  complex 
scene.  Such  devices  can  pick  out  mov¬ 
ing  airplanes  against  a  background  of 
buildings,  a  sportswoman  diving  into  a 
Shi]  pond  or  bacteria  swimming  against 


a  background  of  motionless  algae. 

One  r\  pe  of  novtin  hlier  demonstral 
ed  by  Cronin-t.olomb  (now  at  Tulls 
I  mversity  I  involves  tv\o  beams  that  il¬ 
luminate  a  photorelraitive  crystal.  An 
image  is  encoded  spatiallv  onto  the 
hrst  laser  beam.  The  crystal  is  orient¬ 
ed  so  that  this  image-bearing  beam 
transfers  most  of  its  energy  to  the 
second  beam.  .After  the  image-bearing 
beam  passes  through  the  cry  stal,  it  be¬ 
comes  almost  completely  dark.  When¬ 
ever  something  in  the  image-bearing 
beam  changes,  however,  the  energy -ex¬ 
change  mechanism  is  disturbed  mo¬ 
mentarily,  and  the  part  of  the  image 
beam  that  has  changed  will  pass 
through  the  crystal.  This  part  of  the 
beam  can  then  be  viewed  on  a  video 
monitor.  Once  the  motion  has  ceased, 
the  image-bearing  beam  vvill  become 
dark  once  again  after  passing  through 
the  cry  stal. 

Photorefractive  cry  stals  can  also  be 
employ  ed  in  other  applications  to  en¬ 
hance  the  edges  of  an  image.  .-An  im¬ 
age  is  encoded  onto  an  “object"  beam, 
which  is  directed  into  a  photorefractiv  e 
cry  stal  along  vvith  a  “reference”  beam. 
The  two  beams  interfere  inside  the 
cry  stal  and  produce  a  hologram  of  the 
original  image.  The  image  can  be  recov¬ 
ered  by  a  third  “readout"  beam,  which 
is  aimed  in  a  direction  opposite  to  the 
reference  beam.  If  the  object  beam  is 
relatively  weak,  then  the  reconstruct¬ 
ed  image  will  be  a  faithful  replica  of 
the  original  picture.  If  the  object  beam 
is  more  intense  than  the  other  two 
beams,  however,  then  the  edges  of  the 
reconstructed  image  will  be  enhanced. 

The  intensity  of  the  object  beam 
v  aries  locally  in  the  cry  stal  because  the 
beam  centains  an  image.  Hence,  its  in¬ 
tensity  will  match  that  of  the  reference 
beam  at  every  edge  in  the  image,  be¬ 
cause  an  edge  contains  a  full  range  of 
intensities,  from  dark  to  bright.  Wher- 


PARAMECIUM  is  hidden  among  algae  and  debris  (left),  but  w'hen  the  scene  is  viewed 
through  a  novelty  filter,  only  the  swimming  microorganism  appears  (right).  Nov¬ 
elty  niters  can  highlight  any  object  that  moves  against  a  stationary  background. 
This  filter  was  designed  by  R.  M.  Pierce,  R.  Cudney,  G.  D.  Bacher  and  J.  Feinberg. 


i-vvr  ihv  intvnsiiies  ot  the  two  beams 
match,  the  opiital  interference  pattern 
at  that  particular  region  in  the  cn.sta! 
will  have  the  largest  modulation  from 
bright  to  dark  to  bright  and  so  on.  The 
strong  interference  pattern  will  then 
generate  a  strong  refractn  e-inde\  grat¬ 
ing.  When  the  readout  beam  interacts 
v\ith  the  strong  grating.  It  will  be  most 
efficiently  deflected,  or  diffracted,  at 
that  location,  and  so  the  reconstructed 
tmage  v\lll  emerge  vrith  all  of  its  edges 
highlighted. 

Because  photorefractive  crystals  can 
act  as  both  energy  couplers  and  phase- 
conjugate  mirrors,  they  are  particularly 
useful  for  reconfigurable  optical  inter¬ 
connects  and  frequency -locking  of  la¬ 
sers.  Photorefractive  cry  stals  can  relay 
information  from  one  optical  element 
(say,  an  optical  fiber)  to  another  (a 
data-processing  element ),  free  of  com¬ 
plicated  optical  elements  or  electron¬ 
ic  interconnects.  This  optical  relaying 
scheme  can  also  force  two  (or  more) 
separate  lasers  to  "lock"  onto  each  oth¬ 
er  so  that  the  two  lasers  oscillate  at 
precisely  the  same  optical  wavelength: 
in  this  way,  the  two  separate  lasers  es¬ 
sentially  behave  as  one  larger  laser. 

How  do  two  or  more  mutually  inco¬ 
herent  beams  of  light  become  connect¬ 
ed  in  a  photorefractive  crystal?  When 
the  different  beams  illuminate  a  pho¬ 
torefractive  crystal,  each  will  produce 
its  own  armada  of  scattered  beams  and 
random  refractive-index  gratings  (or 
holograms)  within  the  crystal.  If  one 
hologram  from  one  beam  exactly  match¬ 
es  one  of  the  holograms  from  the  other 
beam,  then  that  hologram  will  grow 
faster  in  strength  than  the  others.  The 
result  is  that  the  rivo  beams  will  be 
connected  to  each  other.  This  device  is 
called  a  mutually  pumped,  or  doubly 
pumped,  phase-conjugate  mirror. 

The  device— first  demonstrated  in 
1987  by  Fischer,  now  at  the  Technion- 
Israel  Institute  of  Technology  in  Haifa, 
and  his  co-workers,  by  Robert  W.  Eason 
and  .A.M.C.  Smout  of  the  University  of 
Essex  in  Great  Britain  and  subsequent¬ 
ly  by  Mark  D.  Ewbank  of  the  Rockwell 
international  Science  Center  in  Thou¬ 
sand  Oaks,  Calif.— can  connect  any  two 
beams  originating  from  any  direction. 
If  the  two  beams  contain  images,  then 
each  image  will  be  converted  into  the 
other  as  the  beams  traverse  the  crys¬ 
tal  [see  illustration  on  page  74 1.  If  one 
beam  is  pulsed  rapidly,  the  temporal 
information  is  relayed  back  toward  the 
other  beam. 

If  tw  o  beams  come  from  different  la¬ 
sers  that  oscillate  at  slightly  different 
frequencies,  then  the  beam  from  one 
laser  will  be  diverted  into  the  approx¬ 
imate  conjugate,  or  time-reversed,  di- 
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PHOTOR£FR.'\CTT\X  CR^  ST.M  couples  two  laser  beams,  a  process  that  may  be 
exploited  in  communications  sy  stems,  optical  computers  or  other  laser  networks. 


rection  of  the  beam  from  the  other  la¬ 
ser,  and  \1ce  versa.  If  two  such  lasers 
are  opticalh'  connected  b>  a  crvstal, 
they  can,  under  the  proper  conditions, 
be  made  to  oscillate  coherently,  there¬ 
by  locking  the  frequency  of  the  two  la¬ 
sers.  With  this  scheme,  workers  hope 
that  thousands  of  semiconductor  la¬ 
sers  can  be  efficiently  combined  into  a 
high-power  source  of  coherent  light. 

To  construct  better  optical  com¬ 
ponents  and  devices,  investiga¬ 
tors  are  searching  among  the 
many  uiiierent  kmds  of  photorefrac- 
tive  materials  to  find  the  most  efficient 
and  reliable  crystals.  Photorefractive 
materials  vary  greatly  in  their  optical, 
electrical  and  structural  properties— 
for  example,  the  insulator  barium  ti- 
tanate,  the  semiconductor  gallium  ar¬ 
senide  and  the  organic  compound  2- 
cycloocrylamino-S-nitropyridine  doped 
with  7,r,8,8,-terracyaroquinodimethane. 

These  seemingly  different  materials 
nonetheless  exhibit  similar  photore¬ 
fractive  effects.  They  all  have  a  crys¬ 
tal  lattice  that  is  relatively  easy  to  dis¬ 
tort,  and  they  all  contain  defects,  which 
act  as  a  source  of  charge  earners  and 
charge  traps.  I'nder  the  influence  of  an 
electric  field,  however,  charges  move 
about  10,000  times  faster  in  gallium 
arsenide  than  they  do  in  barium  ti- 
tanate.  For  the  .same  incident  light  m- 
tensiry,  therefore,  the  photorefractive 
effect  evolves  much  more  rapidly  in 
gallium  arsenide  than  it  does  in  barium 
titanatc.  The  resulting  refractive-index 
grating  is  not  as  strong  in  gallium  ar¬ 
senide.  however,  as  it  is  in  barium  ti- 
tanate.  Ihe  optical  properties  of  the 


crvstals  in  the  different  materials  vary 
greatly  as  well:  gallium  arsenide  and 
other  semiconductors  are  typically  pho- 
tosensitive  in  the  near  infrared  part  of 
the  optical  spectrum,  whereas  most  in¬ 
sulators  and  organic  compounds  are 
sensitive  in  the  visible  spectrum. 

.-\  Hurry  of  experiments  currently  in 
progress  aim  to  identify  and  possibly 
control  the  defects  responsible  for  the 
photorefractive  effect  in  various  crys¬ 
tals.  -ys  an  example,  the  source  of  the 
photorefractive  effect  in  barium  tita- 
nate  is  an  open  question:  many  re¬ 
searchers  attribute  the  effect  to  the 
presence  of  various  ionization  states 
of  transition  metal  impunties  such  as 
iron,  cobalt  and  manganese;  oxygen  va¬ 
cancies  in  the  lattice  may  also  contrib¬ 
ute  to  the  charge  carriers.  In  gallium 
arsenide,  on  the  other  hand,  the  pho¬ 
torefractive  effect  is  attributed  to  an 
intrinsic  lattice  defect  thought  to  be 
formed  by  a  combination  of  an  arsenic 
atom  replacing  a  gallium  atom  in  the 
lattice  and  an  additional  arsenic  atom 
placed  in  the  same  lattice  cell,  forming 
the  so-called  EL2  center. 

Regardless  of  the  character  of  the 
cry  stalline  defects,  the  properties  of 
most  photorefractive  crystals  ran  be 
altered  by  doping  them  with  impuri¬ 
ties  or  by  drawing  atoms  out  of  the  lat¬ 
tice.  For  example,  one  of  us  (Feinberg) 
and  Stephen  Ducharme  of  U.S.C.  found 
that  vvhen  a  crystal  of  barium  titanate 
is  heated  in  an  oxygen-free  environ¬ 
ment  to  remov  e  some  ox'y  gen  from  the 
crystal  lattice,  its  photorefractive  prop¬ 
erties  are  altered  markedly  because  the 
dominant  charge  carriers  are  changed 
from  holes  to  electrons. 


\s  workers  inirejse  ihe  unKcntra- 
tion  ol  the  detects  in  a  phutorelrac- 
live  material,  Ihev  have  found  that  the 
number  of  available  charges  increases, 
thereby  enhancing  the  strength  ol  the 
mternal  electnc  field  and  the  refraciive- 
index  gratings.  On  the  other  hand,  de¬ 
fects  scatter  and  absorb  light  from  the 
incident  beams.  Defect  concentrations 
of  from  one  to  100  parts  per  million 
appear  to  be  optimal  in  terms  of  pro¬ 
viding  a  reasonable  number  of  charges 
without  appreciably  attenuating  the  m- 
put  Light. 

Perhaps  the  best  photorefractive  ma¬ 
terials  vvill  be  those  painstakingly  fash¬ 
ioned  out  of  semiconductor  materials. 
Stephen  E.  Ralph,  David  D.  Nolle  and 
.AJastair  M.  Glass  of  AT&T  Bell  Labora¬ 
tories  have  recently  shown  that  layers 
of  gallium  aluminum  arsenide  alloy  s 
only  a  few  atoms  thick  can  be  assem¬ 
bled  into  structures— called  superlat¬ 
tices  and  quantum  wells— that  e.xhibit  a 
measurable  photorefractiv  e  effect ,  Such 
materials  are  currently  being  studied 
for  their  novel  electrical  properties  and 
high  speed  of  response.  These  cry  stals 
may  also  lead  to  a  new  class  of  inte¬ 
grated  processors  based  on  optics  and 
electronics. 

What  makes  photorefractive  materi¬ 
als  so  promising  for  optical  computing 
is  their  high  sensitivity  to  light,  cou¬ 
pled  with  their  ability  to  connect  light 
beams  from  different  lasers  and  to 
change  one  information  pattern  into 
another.  The  future  of  photorefractiv  e 
materials  vvUl  depend  on  whether  their 
optical  properties  can  be  as  meticu¬ 
lously  tailored  as  semiconductors  are 
today.  Ideally,  photorefractive  devices 
would  be  integrated  vvith  semiconduc¬ 
tor  lasers  and  detectors  to  form  a  sin¬ 
gle,  compact  device  capable  of  process¬ 
ing  millions  of  bits  of  data  simultane¬ 
ously  in  each  microsecond,  yielding  a 
total  data-processing  rate  of  trillions  of 
bits  per  second. 
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SCIENCE  WATCH 


Beyond  X-Rays 


li  may  eveniually  be  possible  to  use 
ordinary  light  rather  than  harmful  X- 
rays  to  obtain  images  of  bones  and 
organs  within  living  beings,  several 
groups  of  scientists  have  reported  In 
reports  published  by  the  British  jour¬ 
nal  Nature  last  week  and  presented 
at  a  recent  conference  on  lasers  and 
optics,  physicists  showed  that  the 
faint  light  that  penetrates  animal  tis¬ 
sue  can  reveal  underlying  details,  if  it 
is  carefully  controlled. 

Dr.  Jack  Feinberg  of  the  Universi¬ 
ty  of  Southern  California  at  Los  Ange¬ 
les  said  in  an  interv'iew  that  light 
passing  through  skin  and  muscle  is 
normally  scattered  so  strongly  that  it 
conveys  no  image  of  internal  struc¬ 
ture.  But  experiments  have  show  n,  he 
said,  that  the  first  fraction  of  a  light 
pulse  to  pass  through  tissue  actually 
contains  enough  information  to  yield 
images  of  internal  details.  Scattered 
light,  which  must  travel  over  longer 
paths  than  the  light  that  goes  straight 
through,  takes  a  few  trillionths  of  a 
second  longer  to  reach  the  other  side. 
By  cutting  off  the  transmitted  light 
pulse  before  the  scattered  fraction 
has  time  to  arrive,  fairly  clear  im¬ 
ages  of  internal  details  have  been 
preserved  in  experiments  using  la¬ 
sers 

In  a  method  developed  by  Dr.  Fein¬ 
berg  and  his  colleague,  a  beam  ol 
laser  light  passing  through  an  object 
is  brought  together  with  a  second 
"reference”  beam  that  follows  a  path 
of  different  length.  By  careful  adjust¬ 
ment  of  path  lengths,  the  scientists 
can  make  them  interfere,  canceling 
out  the  unwanted  scattered  light  that 
arrives  at  a  photodetector  target  af¬ 
ter  the  light  that  directly  penetrated 
the  object. 
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anothtr  m.'IK  credit  card-.,  and  '-o  on.  It  is 
from  ihf-c  titiits  that  Bell  Labs  nens  t’cis 
most  of  Us  budet't:  as  a  result  it  has  b-’en 
pressed  to  ci'iicentrate  on  areas  with  imme¬ 
diate  potential,  and  to  cut  costs,  'll  makes 
my  life  more  difficult  but  more  interesting," 
says  Arno  I’enzias.  whowon  the  Nobel  priie 
for  that  crucial  bit  of  Big-Bang  cosmology 
and  has  risen  through  working  on  basic  re¬ 
search  lobe  head  of  Beil  Labs'  re.search  divi¬ 
sion.  Not  all  his  colleagues  are  so  enthusias¬ 
tic.  "Bell  Labs  people  see  themselves  as  the 
elite,  the  aristocracy  of  the  system,"  says  one 
researcher.  "Right  now  there  is  a  big  morale 
issue,  because  they  don't  have  the  predomi¬ 
nance  they  used  to." 

Mr  ,Mayo,  Bell  Labs'  new  director,  is 
likely  to  make  the  laboratory  even  more 
commercial.  He  is  seen  as  more  business- 
minded  than  his  predecessor.  Ian  Ross,  who 
spent  nearly  ail  his  40-year  career  with 
ATST  at  Murray  Hill.  .Although  Mr  Mayo 
insists  that  basic  science  will  not  be  cut 
back,  employees  expect  a  continued  swing 
away  from  research  and  towards  develop¬ 
ment.  and  away  from  the  physical  sciences 
towards  software  and  systems.  “The  fact  is 
that  software  is  now  the  mainstream  of  tech¬ 
nology  and  you  have  to  recognise  that,"  ad¬ 
mits  Mr  Mayo. 

Should  Bell  Labs  be  shrunk  and  turned 
into  just  another  rsd  department?  Not 
necessarily.  Its  glorious  history  provides 
tangible  advantages,  which  could  be  lost  if 
the  nature  of  the  institution  changed.  Be¬ 
cause  Bell  Labs  does  exciting  work,  it  at¬ 
tracts  the  best  scientists;  over  time  they  can 
be  edged  into  commercial  areas.  The  labora¬ 
tory  also  gives  a  gloss  to  atst’s  corporate 
image,  both  inside  and  outside  the  firm. 
Even  employees  who  have  nothing  to  do 
with  the  place  speak  of  it  with  pride;  regula¬ 
tors  may  be  prepared  to  go  easier  on  a  domi¬ 
nant  ex-monopoly  if  it  is  does  lots  of  unre- 
munerative  public  work.  The  image  does 
ATST  gexxd,  but  at  a  high  price;  the  trick  will 
be  to  keep  it.  while  spending  less. 


The  nose 

Smelly  genes 

WHEN  you  sniff  a  glass  of  wine,  about 
lOm  trillion  odorous  molecules  get 
up  your  nose.  "Your  brain  senses  a  smooth, 
stimulating  bouquet.  But  what  happens  in 
between?  Neuroscientists  have  devised  de¬ 
tailed  maps  of  the  ways  in  which  sights  and 
sounds  get  picked  up  and  processed.  Just 
how  the  brain  recognises  more  than  10,000 
different  smells  remains  a  mystery.  Recent 
work  by  Linda  Buck  and  Ricliard  Axel  of  the 
Howard  Hughes  Medical  Institute  at  Co¬ 
lumbia  University  offers  a  useful  clue. 

Scientists  have  known  for  some  time 
that  smelly  molecules,  called  odorants, 
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bind  to  receptor  proteins 
on  the  surface  of  nerve  cells 
in  the  nose.  The  nerves  then 
send  signals  to  the  brain. 

The  que,stion  is.  how  are  the 
signals  made  sense  of  ? 

If  each  nerve  carried  a 
receptor  tailoreo  to  a  spe¬ 
cific  odorant,  then  the 
brain  would  knosv  what  it 
was  smelling  simply  by 
knowing  which  cells  were 
active.  There  would  be  as 
many  types  of  receptor  as 
there  were  smells.  On  the 
other  hand,  there  could  be 
just  a  few  types  of  receptor. 

In  that  case,  each  receptor 
would  respond  to  many 
smells,  each  in  a  slightly 
different  manner.  The 
brain  would  have  to  com¬ 
pare  lots  of  messages  from 
different  types  of  receptors 
in  order  to  work  out  what  it 
was  smelling.  Such  systems 
are  common  in  the  other 
senses.  The  eyes  have  only 
three  types  of  colour  recep¬ 
tors— it  is  by  comparing  the 
responses  of  all  three  that 
the  brain  turns  a  few  nerve 
signals  into  all  the  hues  of 
the  spectrum. 

iTiere  is,  of  course,  a 
middle  way.  Gordon  Shep¬ 
herd  of  "Vale  University  has  long  argued  that 
signals  from  a  range  of  receptors  are  gath¬ 
ered  into  “labelled  lines”  in  the  olfactory 
bulbof  the  brain.  The  relative  strength  of  the 
messages  passing  down  each  of  the  lines— 
there  might  be  dozens,  but  not  hundreds— 
would  be  further  processed  to  produce  an 
"odour  image”. 

While  Dr  Shepherd  has  some  evidence 
to  support  this  view,  a  few  other  researchers 
continue  to  prefer  the  idea  that  there  are  as 
many  receptors  as  there  are  smells.  To 
choose  between  the  ideas,  you  need  to  get 
your  hands  on  the  receptors.  That  has 
proved  a  daunting  task.  In  the  early  1980s 
Solomon  Snyder  and  his  colleagues  at 
Johns  Hopkins  University  in  Maryland 
tried  to  do  it  by  mixing  radioactive  odorants 
with  protefris  from  the  nose,  then  separat¬ 
ing  the  odorants  out  again  with  proteins  at¬ 
tached.  This  approach  has  led  to  the  discov¬ 
ery  of  various  receptors  on  cells  elsewhere  in 
the  body;  this  time  the  scientists  just  ended 
up  with  a  minor  constituent  of  mucus. 

Where  Dr  Snyder  and  many  others 
failed.  Dr  Buck  and  Dr  Axel  may  have  suc¬ 
ceeded.  Instead  of  seeking  out  the  receptor 
proteins  themselves,  they  looked  for  the 
genes  that  prcxJuce  them.  They  look  short 
fragments  of  dna  from  genes  that  describe 
other  receptors,  and  used  them  as  "probes" 
to  look  for  similar  genes  in  the  nose’s  nerves. 


Thc\  found  a  larev  r.itv.ilv 
ot  cents  that  kxik  .i-  thouah 
they  make  receptors  .,nd 
have  show  n  that  is  ot  tnem 
prixiuce  receptors  which 
arc  all  similar  to  each  ot.her. 
but  not  identical.  Dr  Buck 
thinks  that  the  famiK  could 
include  several  hundred 
different  genes.  Other  re¬ 
searchers  are  talking  about 
1,000.  If  the  number  of  re¬ 
ceptor  types  really  is  that 
large,  the  workload  on  the 
brain  may  not  be  terribly 
heavy. 

Dr  Buck  and  Dr  .A,\el 
still  have  to  prove  that  the 
receptor  proteins  produced 
by  these  genes  actually  bind 
odorants.  To  do  so,  they 
plan  to  put  the  genes  into 
other  cells  and  see  whether 
that  makes  them  .sensitive 
to  odorants.  Then  there  are 
more  questions  to  answer. 
For  example,  how  many 
types  of  receptor  are  there 
on  each  individual  cell? 
Andre  Holley  of  Claude 
Bernard  University  in  Ly¬ 
ons  and  others  have  shown 
that  single  cells  respond  to 
many  different  molecules. 
He  thinks  this  may  show 
that  a  nerve  cell  can  carry 
several  types  of  receptor.  But  it  is  also  possi¬ 
ble  that  one  receptor  protein  could  detect 
more  than  one  odour.  Thanks  to  Dr  Buck 
and  Dr  Axel  these  nasal  mvsteries.  while  far 
from  solved,  are  at  least  becoming  tractable. 


Medical  holograms 

Translucent 

PRESS  a  powerful  torch  against  your 
palm.  The  back  of  your  hand  will  glow  a 
faint  pink.  It  is  a  diffuse  light;  the  bones, 
tendons  and  blocxi  vessels  do  not  show  up, 
because  almost  all  the  light  is  scatter^ 
around  the  tissues  inside  the  hand.  Some  of 
the  light,  however,  goes  straight  through.  If 
you  saw  only  that  light,  the  internal  struc¬ 
ture  would  show  up  like  a  shadow— provid¬ 
ing  a  picture  similar  to  an  x-ray,  but  pro¬ 
duced  without  the  use  of  x-ray  radiation. 
Such  a  picture  might  be  useful  for  screening 
against  breast  cancer,  among  other  things. 
After  all,  there  is  some  uneasiness  about 
screening  for  cancer  with  repeated  x-rays,  as 
it  carries  a  faint  chance  of  causing  that 
which  it  seeks  to  reveal— although  the  bene¬ 
fits  outweigh  the  risks. 

The  light  that  comes  straight  through 
also  comes  through  fastest.  So,  in  principle. 


Receptors  in  action 
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al!  you  nctd  tocaich  ihe  direct  lisht  o  a  cam¬ 
era  shutter  that  can  open  and  shut  in  a  mil¬ 
lionth  of  a  millionth  of  a  second.  L'nfortu- 
nately,  no  mechanical  shutter  can  work  that 
fast.  However,  Jack  Feinbere.of  the  L'niver- 
sity  of  Southern  California,  and  Alex 
Rcbane,  of  the  Institute  of  Physics  in  Tanu, 
Estonia,  announced  in  a  recent  issueof  .\a- 
mre  that  the  same  goal  can  be  achiex'ed  by  a 
technique  called  time-resolved  holography. 

To  understand,  first  think  of  a  normal 
hologram— a  ponrait  ofyourself,  perhaps,  .A 
laser  beam  shines  on  your  face  (at  which 
point  you  should  keep  your  eyes  closed). 
The  light  bounces  off  and  hits  a  photo¬ 
graphic  plate.  Since  no  lens  is  used,  the  light 
IS  not  focused;  normally  the  plate  would 
just  be  fogged.  However,  in  a  hologram,  a 
second  beam,  called  the  reference  beam,  is 
shone  on  to  the  plate  at  the  same  time.  The 
plate  records  the  interference  pattern  made 
by  the  reference  beam  and  the  beam  that  has 
bounced  off  your  face.  The  recorded  inter¬ 
ference  panern  is  a  hologram.  If  another  la¬ 
ser  beam,  like  the  reference  beam,  is  then 
shone  at  the  hologram,  it  gets  diffracted  in 
such  a  way  that  it  now  looks  like  the  original 
refected  light— so  it  provides  a  seemingly 
three-dimensional  image  of  your  face. 

Time-resolved  holography  works  in  the 
same  way,  but  the  reference  beam  is  limited 
to  being  a  very  brief  pulse.  Lasers  can  be 
turned  on  and  off  far  quicker  than  shutters 
can  be  opened  and  closed.  Going  back  to  the 
example  of  the  torch  and  the  hand,  suppose 
the  aim  is  to  make  an  image  using  only  the 
light  which  first  leaves  the  hand.  First  put 
the  hand  over  a  block  of  plastic  impreg¬ 
nated  with  a  light-absorbing  dye.  Then 
shine  one  laser  through  the  hand,  and  an¬ 
other  on  to  the  plastic  as  a  reference  beam. 
The  reference  b^m  is  switched  on  and  off 
again  in  an  instant. 

The  dye  molecules  which  are  excited  by 
both  beams  record  a  form  of  interference 
pattern  in  the  plastic.  Because  of  the  dye’s 
"memory",  the  beams  do  not  even  have  to 
arrive  at  exactly  the  same  time.  The  record 
can  later  be  made  to  yield  an  image  of  the 
inside  of  the  hand.  Although  the  dye  also 
absorbs  the  scrambled  light  that  comes 
more  slowly  through  the  tissue,  this  does  not 
wipe  out  the  original  pattern. 

Time-resolved  holography  is  not  yet 
ready  to  be  used  for  scanning  breasts;  the 
light-detection  system  has  to  be  funher  de¬ 
veloped.  But  now  that  the  principle  has 
been  demonstrated,  the  two  or  three  aca¬ 
demic  research  teams  working  on  it  may 
well  be  reinforced  by  the  resources  of  big 
medical-equipment  makers.  And  the  tech¬ 
nology  is  not  limited  to  medical  uses;  vari¬ 
ous  industrial  and  military  problems  could 
be  tackled  loo.  For  example,  lime-resolved 
holography  might  be  used  to  see  through 
cloudy  water,  helping  to  keep  an  eye  on  sea¬ 
bed  installations. 


Genetic  imprinting 

Shuffling  with 
marked  cards 

Biologists  h.ive  long  believed  in  at 
least  one  underlying  equality  between 
the  sexes:  a  gene  is  a  gene,  no  matter  which 
parent  it  came  from.  Now  they  are  not  so 
sure.  Genes  are  turning  up  which  seem  to 
work  only  if  they  have  come  from  the  father. 
Others  need  a  mothers  touch  to  .switch 
them  on.  All  this  is  a  bn  disturbing;  it  ques¬ 
tions  the  established  wisdom  of  nearly  a 
century.  But  it  is  not  inexplicable. 

The  phenomenon  is  called  genetic  im¬ 
printing— not  to  be  confused  with  behav¬ 
ioural  imprinting,  which  fools  young  geese 
into  following  elderly  biologists  around.  It 
surfaced  when  some  researchers  tried  to 
breed  mice  with  genes  from  only  one  par¬ 
ent.  Normally,  an  embryo  gets  one  set  of 
genes  from  the  father,  and  a  similar  set  of 
genes  from  the  mother.  When  two  sets  of 
genes  from  the  mother  were  used,  the  result¬ 
ing  embryos  developed  virtually  no  pla¬ 
centa  from  which  todraw sustenance.  Pater¬ 
nal  genes  alone  produced  a  placenta  but  not 
mu^  of  an  embryo. 

Without  external  meddling,  embryos  get 
two  copies  of  each  gene,  one  from  the 
mother,  one  from  the  father,  stored  in  two 
sets  of  chromosomes.  But  it  is  not  unknown 
for  small  muddles  to  occur  in  the  gene-shuf¬ 
fling  which  attends  the  beginning  of  a  new 
life.  In  people,  this  shuffling  can  cause  a  dis¬ 
order  in  which  the  fetus  grows  too  fast.  This 
comes  about  when  two  copies  of  one  part  of 
a  specific  chromosome  arrive  from  the  fa¬ 
ther,  and  none  from  the  mother. 

Another  human  disease— fragile-x  syn¬ 
drome-travels  the  distaff  path.  The  x  chro¬ 
mosome  helps  determine  sex:  women  nor¬ 
mally  have  two  of  them,  while  men  have 
one  X  and  one  y.  Fragile-x  syndrome, 
a  form  of  mental  retardation,  can  oc¬ 
cur  in  either  sex— but  only  if  the 
eponymous  chromosome  has  come 
from  the  mother.  Men  with  a  fragile  x 
do  not  have  diseased  daughters. 

How  all  this  happens  is  becoming 
clear.  Not  all  of  the  genes  in  a  cell  are 
active  all  of  the  time.  One  way  to  turn 
genes  off  is  to  plaster  molecules 
called  methyl  groups  all  over  the  dna 
from  which  the  gene  is  made.  Im¬ 
printing  seems  to  boil  down  to  a  dif¬ 
ference  between  the  sexes,  in  terms  of 
which  genes  they  choose  to  methyl¬ 
ate.  Imprinted  genes  appear  to  be 
methylated  by  one  parent  and  not  by 
the  other— as  though  one  parent 
wants  them  to  be  turned  on,  and  the 
other  is  happy  to  let  them  lie. 

How  it  happens  is  one  thing;  bi¬ 
ologists  also  want  to  know  why.  Bio- 


'0C:cal  '.xlixx  U'u.i'a  nqiiirc  .i  bil  vt  .ii-ic.''. 
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First,  nidxi  df  iht  cHcctssecm  lo occur  in  cni- 
brxos.  Second,  the  imprinted  pen-’s  often 
regulate  crowth  in  some  way.  Thiru,  parents 
may  imprint  genes  with  opposite  effects  in 
opposite  directions.  It  is  not  a  case  of  one 
sex  simply  betnc  more  disposed  to  adding 
methyl  groups  than  the  other. 

Take,  for  example,  a  hormone  called 
iGF-2.  which  encourages  embryos  to  grow. 
The  gene  which  tells  the  body  how  to  make 
this  growth  factor  is  imprinted:  the  moth¬ 
er's  iGF-2  gene  will  be  methylated  and  si¬ 
lent.  But  the  maternal  copv  of  another  gene, 
one  that  produces  a  protein  which  makes 
iGF-2  inactive,  shouts  loudly  in  the  develop¬ 
ing  embryo— while  the  paternal  copy  keeps 
quiet.  The  general  rule  is  that  the  father  im¬ 
prints  genes  in  such  a  way  as  to  encourage 
growth.  The  mother  discourages  it.  This  fits 
with  the  original  observation  that  male 
genes  were  promoting  the  placenta.  It  is  the 
placenta  which  grabs  resources  from  the 
mother  to  make  the  embryo  grow. 

To  make  sense  of  these  clues,  bear  in 
mind  that  although  all  the  embryos  in  a 
uterus  have  the  same  mother,  they  may  not 
all  share  a  father.  Female  cats  and  mice,  for 
instance,  often  spread  their  favours  widely. 
David  Haig  and  Chris  Graham,  of  Oxford 
University,  suggest  that  in  these  cases  im¬ 
printing  by  males  has  evolved  as  a  sort  of 
metabolic  theft— stealing  food  from  the 
mother  which  might  otherwise  be  used  by 
embryos  unrelated  to  the  father.  Each  father 
wants  his  offspring  to  do  better  than  the  rest 
of  the  litter;  the  mother  wants  all  her  off¬ 
spring  to  do  well.  Hence  the  imprinting  by 
which  fathers  prime  the  genes  for  growth 
and  the  grabbing  of  the  placenta,  while 
mothers  try  to  damp  such  intra-uterine 
competition  down.  Even  in  the  womb,  the 
banle  of  the  sexes  goes  on. 
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Physicists  Who  Play 
With  Crystals  See 
I  Serious  Applications 

I  ■»  *  *  I 

i  The  Pliotorefractive  Effect,  i 
j  Once  a  Diverting  Puzzle,  j 
Is  Being  Studied  Widely 


By  David  Sni'P 
i:uCf  fc-p.,r:,.ro/THi.  U  ai,. 

effect  i 

v...sia;i  IS  being  studied  for  possible  appi 
0,"  communications,  compuilnn 
a..d  e.en  crime  prevention. 


.lie  e,[eci  IS  a  pecuU.tr  reaction  of  cer¬ 
tain  cry  stals  to  laser  light  tliat  was  discov¬ 
ered  in  tlie  DtiOs.  A  photorefraclive  crvstal 
can,  among  other  things,  gather  light  from 
.asers  shone  on  it  and  beam  Die  light  to¬ 
ward  any  tiearby  shiny  object.  If  the  object 
IS  moved,  tlie  beam  tracks  it  like  a  human- 
operated  spotlight.  The  crystals  also  ran 
use  two  laser  beams  or,  like  photographic 
fmn,  record  holograms,  smmlated  three-di¬ 
mensional  images, 


When  shown  such  odd  tricks,  “even  har¬ 
dened  physici.sts.  weary  from  decades  of 
proposal  writing,  instinctively  begin  to 
p.ay'  with  the  co'stals  in  the  hope  o°f  find¬ 
ing  new  tricks,  writes  J.ack  Feinberg  in  a 
recent  issue  of  ilie  magaimie  “Fjiysics 


ih  ^■’^‘“''^‘n'^clive  play  is  getting  serious, 
tnougli.  Researchers  at  Stanford  Univer¬ 
sity  are  experimenting  wuh  -he  crystal"  to 
switch  light  beams  into  desired  channels  in 
optical-fiber  communications.  At  the  Uni¬ 
versity  of  Colorado,  scientists  are  studying 
the  ciystals  use  m  “opiicai  associative 
niemones,"  computer  devices  that  are 
s.ructured  roughly  like  tlie  brain's  net  of 
neurons  but  which  use  light  instead  of  elec¬ 
tricity  to  carry  infonnation.  Scientists  also 
hope  to  use  the  crystals  to  direct  laser 
beams  that  etch  microscopic  circuit  pat¬ 
terns  in  computer  chips. 

One  ol  the  most  remarkable  photore- 
ac.r.e  applications  is  the  "novelty"  fil¬ 
ter,  which  is  used  in  conjunction  with  video 
systems.  Recently  developed  by  a  group 
ed  by  .Mr.  Feinberg,  a  rfsearchcrat  the 
University  of  Southern  California,  and  by 
other  scientists,  tliesc  sysiems  register 

°‘'Jccts  in  their 
isual  fields,  for  instance,  unc  pointed  at  a 
parking  lot  at  2  a.m.  migiit  picture  only  a 
skulking  thief. 


Tiie  pfiotorefraciive  effect  was  discov¬ 
ered  by  researchers  trying  to  encode  infor¬ 
mation  in  beams  of  laser  light.  To  their 
.rusiraiion,  tlie  crystals  of  barium  tiianaie 
and  certain  other  compounds  tended  to  de¬ 
form  the  beams.  "It  was  called  'optical 
oamage.  says  Mr.  Feinberg. 

Uier.  scientists  found  that  the  damiov 
occurs  when  light  waves  rearrange 
charged  particles  iiisiJe  the  crystals.  Thai 
warps  the  crystal's  lattice  of  atoms  dis¬ 
torting  the  light. 

In  the  spotlight  trick,  for  e.xainple  a 
shiny  object,  say  a  piece  of  tin  foil,  reflects 
•lisci  light  into  a  phbtorcfractivt?  cr)'S!al. 
That  alters  the  crystal's  lattice,  causin® 
more  of  the  light  entering  the  crystal  to  be 
deflected  toward  the  fail.  The  ligiit,  in  turn 
IS  reflected  right  back  to  the  crystal  to  fur- 
tiler  alter  its  structure,  causing  yet  more 
light  to  be  deflected  toward  the  foil.  The 
process  snowballs,  tv'ickly  building  up  'n 
beam  of  light  between  crystal  and  foil 
When  the  foil  is  moved,  light  from  it  in¬ 
duces  a  new  crystal  pattern  that  re-estab¬ 
lishes  the  beam  within  a  few  seconds 

In  the  novelty  filter,  light  reflected  from 
a  scene  is  passed  through  a  photorefrac- 
tive  crystal  that  deflects  it,  preventing  the 
scene  from  being  registered  by  the  sys¬ 
tem  s  video  camera.  But  when  somethin'' 
III  the  scene  changes,  the  light  hitting  the 
ciystal  changes.  That  nioinenlarily  alters 
the  crystal  s  structure,  allowing  part  of  the 
formerly  diverted  light  to  get  through  to 
the  system's  video  niumior.  The  cO'Sla! 
lattice  quickly  resumes  a  deflecting  pat¬ 
tern  when  such  changes  cease. 

The  novelty  filter,  aside  from  its  possi¬ 
ble  crime  prevention  uses,  might  help  com¬ 
puterized  visum  sysiems  quickly  zero  in  on 
the  important  pans  of  cluttered  images 
I'or  instance,  "you  might  be  able  to  see 
moving  bacteria  more  clearly  on  a  messy 
background,"  said  Mark  Cronin-Golomb.  a 
Tufts  University  researcher  who  luns  devel¬ 
oped  a  prototype  novelty  filter.  The  de¬ 
vices  might  also  be  employed  in  auto¬ 
mated  surveillance  systems,  such  as  ro- 
bots  that  scan  butlleticlcls  for  advancing 
enemies,  said  USC's  Mr.  Feinberg. 
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C;I)cycUr  lilork  eimci? 


‘Magic’  Crystals:  Key  to  New  Technologies? 


mpouads  could  be 
used  in  computers  and 
telephone  lines. 

Uy  MALCOLM  W.  bKO\^\L 

1  i  A  :iUM  ('  aku  I ti.in  .i  i.vli* u  .1 


-  [oj.ni'.-d  .u  ur.e  A; 

;  :'v  un'a.  pus  .  •:  i  aiipii  ih:  ihc  c  i s- 

'.ais  II  I  ,I  lAi'i'r  I’.il  iifltU  .1  I'.'W 

i,  c.u.ds  ;;-,c  <  bc.i  :‘i.s  [.nt  tail,  .i;;d 

ni'  iiu'  ■.'.vu  iiyslui.  la 

A  uiU':'  liu‘  luin-  hnir 

.i\vu'.  ui,d  a  I'.c’A  iiiio  eXish-ui  •• 

'  I  .s  I  'I, ; i  r:  e  :  a  1 1  » :  '1  s : . » i  < 

1;  ic  ;'c'd  il  'iS',  1  :  iV  I  I",  ;>  !la  \  C  fiiUl  id  C'.i  hi 

■hH'  am*  ciia'i'i  a  iAu'Aa\  iipVi^UJ  iiUK 

"'‘h  I V  I's,  "a  Im,  h  c.u  h  r\  -• 

la.  ;.Jk  .ii',;y  p:.  papiulc*  il-'  uwii  inai'it  1.k.I 


CIS  a.s  u  inirjor  (or  Hie  uuier’.s  l)car.i. 

llu-  ci  Ysiuls  in  tl  .s  iJcnionsiraiion  by 
li  .1  jL  K  I  cinlK'r^;.  a  prolessor  of  i>hysics 
i  iho  i  iiivcisuv  i>f  Cablorina  ai  l.os 
uio  laadc  »if  iho  comptnmO  ban- 
in  ’danuU'.  Ihcv  are  not  ondowoti  wiih 
i!>  llip<  :u  c  i»:  vMil.  but  merely  exhiba  ihc 
x: .  uii  dniai'v  pi  vjperiies  of  a  new  class  of 
uiieim.A  lui.cu  phoioiefractive  nonlin- 
a:  -iplus 

I'l.'ii'ii  siain  s  Ibruii^tli  tliese  jh’CU- 

i  ii  i.l.s.aiu 's,  i(-s|Hilul  t>V  leai - 

.a.iuar  'hi  iiiiiia  tli.iipu'S  in  liiiui  itii 
lustujiM  '.Uuiiun  ''  •  i»  as  lo  nu  lease 
::.  i;  .lb. 1,1'.  :>•  u-nd  ;lie  light,  lov  haiige  its 
01  e.en  lo  act  as  minors.  Some 
ti'.aii.i  jite  I  .  v-staJ-s  can  “See"  weak 
i.ht  lunang  from  anv  source  la  iheir 
,  u.hv  and  ueHlily  thomselvi's  lu  rcfli^ct 
S.i  iiul.!  dueiiiv  l*.»ck  Tins  vHld  liehavior 
>  a..  ;«  ;tian  a  laboraiorv  curiosUv  U  is. 

:;:i-  vieu  i>J  m.  .ly  p)jy''Hisls.  Ihe  dawn 
M  a  V  anpoi  tar.;  r.ew  family  of  lech- 

1!;  -i-  ir.aienai''  aie  e.xpeiH'd  to  make 
'  .cpl.er.e  'S 'terns  more  ef'iciem  and 


Crystals  That  S^lake  Light  Do  Tricks 


1  alu.s  '.h  jpoCiji  V  ij*  11-11 1  pr upcrtioCi  niQKt?  I:v4^-*  Ptfrnv.’c;  >0  utiexpccltJd 
.  r  ■  .'1^,  'r  'TviC'iVi'  rT\ia?f  I,  il.j  of,  J  Hv  jc'  ' du'lCai'i'y  WHci'l  c'lthOC  afi  CiCClfiC 

'...  J  .  '  I.  ..’/..cy;  Lt  iji::  >;n  iis.;:  '  lu  i.ppi.od  The  »A;a  hve  otij  ru'-jjave 

p  ’  j  ’  le s  iv p [p’c :  I  "ihci i r '  ’  p L' it’c  j' ti r  L> If  c  a’ e  i  ediutf lOu leci .  wi'ach 

n.!.  'jL'-p  '>■■0  i‘*a t*.c‘ ,  Ij'.-n;]  ip.jr,:  bwCrphstt.  Dc-iiOve  pl'!c/lsjrufiaCt*vo 
.jie’  a  ./  ’^yir’y  » I/.  I .  I  •I.-' p..’  I  tsuph  ohe  d  i.'hi.m  uhiy,  J  fc-onipuler 

w c ’  I '  ■  '  ,1  ’''o  1  *  I e  .dor I '  j  .<!  . ■  1 1 :  I'yiila, ;  I  M  f  0'*^../* P iiPh-C.  lot ni 


Lj&cr  bcjm 


The  initiat 
path 


Barium 

titanatc 

crystal 


chodi>ci,  computers  more  flexible  and  in¬ 
telligent  and  lasers  far  nunc  ^Kiweilui 
i^hotorefracTive  crystals  are  .ilrcady  un 
der  development  as  devices  for  doting 
holograms.  The  ra.my  organi/.iilions  liai  k- 
ing  research  m  (lie  field  include  laiy.i- 
cummunicaitun  companies  and  (be  [>(' 
fensc  Deparlmcnt,  and  discuvei  les  and 
inventions  arc'  coming  (hick  and  fad. 

Although  it  has  been  kuuun  fur  ile»Miii-> 
that  me  r«‘fraclive  indexes  ihghl  lx  iiiiing 
.liiiiiiv)  of  -.iiuie  ni.tlf'iials  <  an  Im*  sligiiiiv 
(lianged  liy  tin*  passai'C  of  io’.lil.  i>h1\  hi 
I  i-v  cut  years  li.ivi*  .subsiaut  bron  iiisfiil  • 
Cv]  or  discovi'i  ed  wliose  lighc-lM  iiding  abii- 
iiv  changes  markedly  under  the  infiueiue 
</f  iighi  or  eJoctru  fieid.s, 

(.iimmunu  aiion  engiiu'ers  sa\  th.ii 
wh.en  these  sulistanccs  arc  <*vnjiiu.iiiv  ,r.- 
cor|>oiaic'd  m  new  lelepjionc*  s'‘sic!u> 
IkiscU  on  optical  fibers.  Uie  ir.in.snus.'.imi 


'pii! /  .  : .'.ly  :  V 'da  .J  ',1  ,'..<1  * : cyA2‘p‘’^t’  tt'c?  .ii phS 

..“.d  l.c  !.>l  b’.o  b»;,ir7i ,  .UL^ufid  tii  n.t.'C'j  p-.af  sviurc-e 

-I'p  ihat  be.!.:,  '..eppir.ile  Lie.ifTi:',  luan  the  l»vu 
./•'  .iny  sfijdy  .dijc'ct  thal  can  reslOfi?  Ihir  Nr-.k  by 


If  interrupted,  the  laser 
beams  will  seek  a  new  link. 


Ill  -.oil  es  .mil  illbii  lii.i!  lett  \ai11  Ix'iuili'' 
v.i'l  Iv  moi  f  effii  leiil 

I'.ci  am-.'  uglU  li.iM'l'  I.i  plm  Jp.m  ''In 
linir.  (ulul  li.i-  'imie  itilu'i  .id  A  ,inl .  u’.i'' ) . 
I.plli  .li  M>ri  s  h.lVi  .ill  r.i.l'.  1  epuu  -'.l  .-if. 
;ili  win-'.  Ill  in.OW  !el'  Jiili 'lie  -lems 
I  'p'e  al  I  ..m.cci  lou  !i.i\  !•  (hp.iju  (p.  i  ••jji.i.  ■’ 
■  •in  1 1  i»  il  V  m  <  "ir.pi.l'-i  .  iiir,;v.iii-,,l-. 
well,  u'diii  .I'pg  llie  liilii'  .1  '..iKes  iidi'l  ii>.« 

I  ;p.n  !|i  1 1  .U  el  111  nil  '-lie  d-'A'i.  o  l.>  .mi.Uii'i 
Si  ii'.ll  I'.I  .  Iieli.-Ai-  ih.il  ..j’iii  ,il  oil  .ni'i  '*f! 
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BlO  Z  'run  .\!:w  youk  77.i//:b  SCIENCE  'rr!  siiay  rn,!:: \\ir, 

‘Magic’  Crystals  Can  Rearrange  Light  Rays 


C  tnK  tnucC  r  ru  rn  1  iij 


Wi;i  vlav  replace  tlunr  eioei I'urac 
euuntCTpar:s  <n  coir.puiei's.  aiiluiagh 
there  general  agrecn-.eni  th.h  prac- 
hial  upLcai  cun'ipaters  are  sihl  niaay 
y-cars  avvav.  One  problem  that  re- 
rhains  lu  be  soivcU  is  sue,  ll'.e  eroaC 
opi.ea:  sw.Lehcs  uOViseU  .^o  lar  arc 
vas:!','  lai'ger  than  [.heir  eleetronie 
eoaT.  1  e I'pa I'ts.  v'kP.u'h  v.aa  he  p,jekevJ  hv 
tr.e  iraliiu;.  (in  a  ;hvin’*hnaihs.ze  sertK- 

eur.Ou‘>. hrig  Ciiip. 

L«:'%  P'.ur.th,  .scierhuts  at  A.i.icl. 
be.i  t.abar,;:. tries  aiA^'ileb  u  prutu- 
' 'i  j''C,  a  itri  J  v'opt patm'  i>asi‘0  or. 

e.ipt.k.p.r.g  iaoyrir.a'.o  of  ivacro- 
s..ap:e  la.-'crs  aiM  tiny  apl.tal  on-ol’f 
s'-**  .'ll.  r>e.-  t  ‘,;a’ie.'>  )  lltal  ro.spcaiu  to 
e.'itriv  t.e.Oa  b;.'  bC'.omir.g  eitr.er 
;r..;'.;.;‘.a;'-’r.’i  or  opaque  I  r.e  cutr.par,.- 
LvcL  large  c!e\'a'es  m  ti.c  liell  proto- 
:.pe  i.erve  the  same  lup.c'uor.s  ihat- 

.'•oPte  e iCi^ i rtii'i i(.'  I  i  ll!' Mstor  sVviicra.'s 

bo  .n  o<re.  eti: raui  eonipaii'i'.s.  iJr. 

rl.iarot.  .sho  be.ogrieb  the  ;na- 
( ;i,:'.e.  Saul  the  ciitps  euntainihg  elee- 
: .y^ij  ,,v^■;:che.'>  have  as  niar»v  a.s 
:  .Alt)  !a>i'rs  uhhv'  a  ,h'’A'  atoms  tltK'K, 
>.ep'j'‘ii'‘o  t'V  he.irr.s  of  muieLale;-. 
.lOtleb  at  a  '.safer  of  gaiburn  arrer.iae. 
Keeogni/.ir.g  a  rariiiliar  h'ace 

M..my  '',\;;e;‘t.s  l.;e;,eve  t.piical 
ter. .iL  M..  eseht'Oaby  hue  ..is'er 
t.i  .fs>  iiovs  performed  by  i.efhi- 
.  r...  .et  ir.n  eh'e;  ri;rije  ooviees.  Dr,  j'». 
e  i-  .stnith,  a 'A  lehee  u)rL’et(yr  of 
: •  1  e,  a  :  eM'.jreh  ihslilution  :ri 
.-.arin.  .N  J  fia.OAed  by  lelephurie 
I  ir. .e.:,  v.i.d  th.it  .f  eon'ipdters 
..a.  '  'i. ' ' .  . i.tu I '.ot i  ii.  '•s'li'.’.''  M]>pi't>x»- 
;.,..ha.:  ;:.i  >e  wf  h.e  hum. in  hr.iim 

'.O',  et ;  ..V  t  ,/ptik.s  bo  iiiij^or- 

- .  I .  t  I  I  .or,  poi'if  ’.’h  ■' 

a  e  a  c  a  famiii.ir  fat  <•  • 

I  ■  . '  .1-..  lit  o  •.atiiAOn  (•  ol  vb.phii 

. . .  y I . . .  I . ' . .  . .  !  c  ■ '  .-I a  iu  I IC  1 1'ltii gt  ‘ 

■  '  n  .erv  '  lear  for  the 

i.a  t'/  n o  ., a. a  ,f  ( ..iipp/USe r 
i...rl  hu.r  ''rih.e  .rnaitc',  .i>  r.oiw 
lyha  oo'.'.e;  iv,  Ih.tt  i  iulhl  be  ;  <.*• 
..’.-■.■■d  ac  r.ilhor  t.h.m  piece  by 
-u  pieei.'.  It  mi'i’.m  appi'o.nn  soiv.e 
e  ',he  hi. on',  ; -'iTia;  k.iole  .iljiat','  ii.* 


iielleore  reeealiv  uevised  a  holu- 
gr.ijihie  svsiem  based  jiariiy  on  phu- 
lurefraetive  .sub.stanees  hhat  can  nul 
ifiby  reiain  a  memory  of  images  bui 
also  rccugni/.e  them  and  learn  from 
hs  own  mistakes  A  principal  object 
of  the  research  is  to  dovi.hop  “neurai 
networks”  of  computer  uilercunnec- 
'.’.ons  with  some  vn‘  ir.o  same  associa¬ 
tive  abilities  that  a  brain  has. 

Phuturefrat.  t.ve  malenals  differ 
froi'.i  unhnarv  glass  or  plasue,  said 
Dr  Fe.nberg  i^f  L.C.L.A..  in  that  their 
m.eruscopie  structures  ai'C  ch.inged 
bv  the  light  pas.^u'.g  tl. rough  ihem. 
.(hu  their  altered  struetm'es.  in  turn, 
elumge  the  Iigni. 

All  transparent  mateiials  bend 

Special  compounds 
can  create  two-way 
optical  links  between 
themselves. 


boam.s  of  light  by  varying  amounts, 
the  amuuiUi  are  expre.ssed  in  terms 
of  “refractive  index.”  Diamond  has 
'lie  highed  refr.uiive  index  of  all 
known  .substances,  w'lucn  accounts 
fur  the  sparkle  of  a  faceted  .stone.  In 
must  .subst.inces  the  refractive  index 
i'em.iins  fairly  tonstaiu.  but  in  pS'.o- 
loiefractivc  materials,  light-bcnding 
abtUty  changes  vadKally  when  ehlUT 
an  electric  field  ur  a  st.-ong  beam  of 
light  IS  applied. 

The  Kush  to  Discover  More 

Llectric  field.s  ..nd  light  beams  Can 
i'Mi  range  ihe  p/osi(ive  and  negative 

( li.i I  ge>  in  pnoiKiel  1  .iv  1 1\ Ill  a.-i  'iiJs, 

.Old  llii.‘.  ciiange.s  (lu-ir  refr. letive  in¬ 
dexes,  In  .some  c.isi’s.  two  or  more 
beams  of  light  entering  a  photorc* 
fi.ictiVe  muleiial  interfere  with  each 
other  It;  ere. iti'  inicrost.opic  bands  of 
pos.e.ve  and  negative  charges,  which 
lorn',  "g;  .liings,” 

upia.il  gratnig'k.  rows  t*f  micro- 
lines  sep.iraO'd  bv  >paces  ihc 
'.■•idtl.s  of  ilie  w.ivciength.s  i>f  iigbl. 
>  ...1  be  ell  lied,  pi  .nied  or  elci  tn>mcal- 


ly  i:nj)lanled  on  transparent  in.iieii- 
ai.  They  bend  and  break  up  h)’.h!  iii 
mm  b  the  w.iv  jji  isms  di.sjH’i  sc  winie 
iiglit  into  a  iaiiH«;w  of  udois.  '.Viieii 
.such  palienis  are  created  by  the  in¬ 
terference  of  light  iKMins,  llicy  ian  be 
used  to  siurc  complex  image:,  en¬ 
coded  as  hologr.ims- 

Dr.  Smith  and  other  headers  in  die 
field  .-..V  the  rush  is  on  to  disi over 
phoiorcfraclive  substances  wnli  new 
and  useful  pi opertie.s. 

Last  month  Dr.  Samson  A.  Jenekln' 
of  the  University  of  Rochester  an¬ 
nounced  the  invention  of  a  phtgore- 
fraciive  polymer  that  may  be  ti;e 
fastest  optical  switch  yet.  one  who-.e 
refractive  i.idex  changes  raJicaliy  m 
less  than  one  inlhonih  of  a  set  oiui 
after  exposure  to  strong  laser  ligiii 
The  material.  Dr.  .lenekhe  s.od  m  .m 
interview,  is  a  derivative  of  pulysino- 
phene.  A  rhain  of  earbon-.Uum  nng'' 
linked  to  sullui  atom.-..  Dr.  Jcncklie, 
whose  research  is  supported  by  the 
.Naval  Air  Development  Center  .oid 
the  Honevwell  Corporation,  .‘•aui  he 
behoves  the  substance  may  cventii. il¬ 
ly  be  u.sed  in  optical  compuiers.  bin  .i 
mure  immediate  .i};i>»K.iiiun  will  be 
in  jKiwci  ful  jasi.'is. 

A  problem  with  lasers,  uu  iudmg 
those  under  investigaliun  by  the  stra¬ 
tegic  Defense  Imiialive  program  as 
amuvassde  weapons,  is  tlial  a\  v.-rv 
high  power  they  generate  inb  ie-e 
heal  ihiit  distorts  their  internal  lighl 
paths,  dissipating  and  wasting  enei- 

yy 

While  a  U'am  i.''  budding  up  inside  .i 
laser  device,  the  light  is  refiectevj 
back  and  forth  between  isvu  m.nt/is 
many  times  before  it  gams  suffu  u-ui 
energy  to  pcneiraie  llie  thin  niirn*r  .it 
one  end  and  emerge  fr(<m  ih<‘  la.Miig 
di'Vicc.  As  the  beam  i;ains  met;  v, 
heat  and  ulher  fai  !oi  s  it'iid  li«  disita  i 
tile  la.siiig  ilieiJtiiiti  hisua  tlt('  i. 
and  rob  the  beam  ef  eiungy 

but  by  ref»la< mg  one  or  liolh  i»f  llie 
mirrors  in  the  la.ser  device  with  plio- 
torefractive  in.itcrial.  the  ilisbirtions 
can  lie  corrected  Instead  of  acimg  a.s 
simple  mirrors  ihai  leflect  the  beam 
h.ick  and  forth  to  Iniild  ns  enery.v.  ll'.e 
photorefr.Kiive  materials  vh.mg*' 
Ihcir  striK'lures  and  (  le.iie  a  disinr;- 
ed  refleciion  'dial  exactly  i  .uKeb.  die 


di  ‘U'l  I  ;h;i  \M(  lull  I  b'-  1 "  •  I  III  ii  '  I ’ 
i  I  II  (•[  l  .11  I  1  V'-  :iM  I  HH  •  i  ;  I'  i  <  I  I',  i,.  ;  : 

111.'  !.:  -IS  b.Mlii  .  111*  '.  (  Mill  .lie,  1-  '  lull 
I  lug.  ihe  be.uu  li»  le.M  h  Iii.i... 
im»-l'.  >UV. 

/\ii  .ippiii  .i!  ii/i;  1  d  •.  ii  .il  i  nil  ii  :  .1  i  M  I 
b)  I  euin.ullli  .iLlDii  1  iiliip.tiie".  r  al 

opi  jc.ii  fib'  •!  i  fie:  »1  h  Jill  ■  di;i  •  ,  M 
pi'i  sent.  Ihe  i.jM'i  hghi  Mg.ii.u  .  *  0 
I  led  hv  lllese  li!>ei-'  >.oi  h.ivfi  uiil'. 
n-lal  iv('l  V  .shoi  (  disi.u.i  f  .  i-f  Iim  <  —  ■ 

l.'.g  .ibsol'lied  .UUi  WSikeiu-d  ii’,  ihi  i; 
gia:-s  i  .in  iei  .s  1  he  sigaa; '  i.iU  i 
I  he  le  lore  be  j  en.'.i  I'lei'.'si  .0  1  i  f'  ,',,i  n: 
ml erva is  hv  i  ><nv  n  img  p-ui  -.e  .  ui  h.  :.; 
]nif>  elerli'A'  pulse.,  ill'Mi  .  i ;  n  [ .!.  I .  a. ' 
(he  e  lev!  lit  pui'-f  s  eps  1 1  o;,  ;t  ,  1 1  i  v  .11.0 
ret  I  invert  mg,  ll.eiu  :nhi  h/.h:  jun  es  ei 

bi,‘  senl  (III  lb(-Ii'  a  iV  III  (i.f  .1'  ■  I 

Engineers  expect 
faster  transmission  of 
voices  and 
information. 

amj'lii  viii;;  '  i-ii  mn 

but  if  -ig.nal  .1 1 '  iii'i  hfi  .in;'  •  .s;!.!  .  - 

.It  lueV'' '()  I  ipbi  .1  il w  ,1  i i.P  '  le.  '  i  I  .I-,!. 

ainpiifn  adiiii.  leiepiai.;'’  ■ 

wi  mil  1  I  (I'l  oi  ff  Vi  j 1 1 .  ij  ’!■  1 ,  I  • 
elfimeld  and  >  laSip.M  n<  1,-1  ;.i 

su«  h  a  s\  ,>lf  in,  1  )i  1  '  inh'-i ;' 
plained,  Ibe  si;;,i.di  !<'  aui  '.*.1  mi'I  di  ,1  w 
fie'-h  energy  iifii'i  ,1  "p:.inpi;i;; 
bi'arn”  diiected  .il  ihe  in''diii:ii 
tluoug.li  'which  the  .-a'.i.d  'x.is  p  issv,;,’, 

1  iuis  fortified,  (lie  Mgn.d  Mii.d  •  I  ti , 
UlUie  on  A\  the  sgffd  t,;  li.dp  '.valrMn 
having  to  pause  fm  1  on'.fi  aoii  .md 
eiet  1 1  OliU  .«  mpl  if  i<  .1  i  a  >11 

•  Nil  .edo.il  .1  nil, :  II'  •  ,s  !  'le;..  1  .  d  j  »|,i  »i . 
et  i  .n  1 1  ve  pi.is(  K  .  Ill'  I  , '  I  I  .  'A  e-  i- 
t  t  n:  pal'  ill  e>;  nv  in  r,t  1  .e-  \  (  p  ,i 
s.iij  of  the  .si.tif  I  nuei'.i|\  I,;  \i 
Vink  at  i'uffali',  Aiiikiiu*  und'O  (>■,. 

( raei  n*  (he  .\ii'  1->k  t  >•  i  )|  In  f  .»f  ;■  ji 

tif;e  Ki‘:-.e.ii''.  h  Su»  ii  maiei  i.tl--.  ,i('- 
llkelv  III  !)('  I  I  n  It  nl  eieiueiil  ■,  m  fuUo  > ' 
v'omiuunu  alum  s’.su-ius  .nui  ra, 
oihei  ap[ilu  at  urns,  a'loitiing.  in  |ii 
pim.iid  K  rii  u  h.  pt  "I'.i  am  in.m.i,  ■  1 
.  1  i  U  e  All  1  •  o  i  t  '  ‘  (  )  i’  f  1 1  e  III  .S I  1  f  n  1  i  1  . ' 
Kese.i  I  V  h 
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Phase  Conjugation 
with  Nonlinear 
Crystals 

Photorcfi'actirc  optics  niso  point  to  hologrnpliic 
and  interconnect  applications. 

.All  liitL’n'icic  irith  Jiick  Fciiibcrg 


Jack  Feinberg  is 
an  associate  pro* 
lessor  of  physics 
and  electrical 
engineering  at 
the  University  of 
Southern  Califor¬ 
nia,  Los  Angles, 
Calif. 


Lasers  &  Optronics:  Wiun  ,ur  !hc  !\hk' 
kc\i>  fi’  the 

nh'iit  ('•  I'.M'Ci’  :i:  m' 

h'rtlil’ 

Jack  Feinberg:  There  is  a  traditional 
photoretractiw  eitect  and  there  are  some 
neuer  photorelractivc  eti'ects.  Let  me 
gi\  e  \  oi!  the  traditional  one  first.  To  start, 
von  need  charges  m  the  material,  usuallv 
due  to  impurities  or  perhaps  crystal 
detects,  'lou  are  not  creating  the  charges 
bv  light:  thev  are  sitting  there  alread\'. 

The  secimd  prerec|uisite  is  that  these 
charges  can  mo\e  under  the  influence  of 
light.  Once  the  charges  have  moved  and 
made  a  static  electric  field  in  the  matenal, 
that  electric  field  must  create  a  first-order 
change  in  the  retractive  index  of  the 
material  bv  first-virder,  1  mean  th.it  the 
change  in  the  retractive  imlex  is  linearly 
proportivnial  to  the  ^pace-charge  field  - 
the  electnc  lield  made  bv  the  ■'eparativm 
of  charge. 

Other  as  vet  unnamed  elfects  >tart  vitl 
the  same  wav  tmi  iiH've  charge  amund 
but  then  the  change  in  the  refractive 
index  ot  the  matenal  is  nv>t  linear,  but 
ma'  be  through  a  quadratic  term,  pro- 
portu>nal  ti'  F-  Fur  example,  a  pajH'r  was 
published  Hist  a  lew  weeks  ago  in 

bv  /Maslair  C.Iass  and  his  co¬ 
workers  Iliev  were  liH'king  at  a  phott>- 
refractive  elleci  in  quantum  wells.  Fhe 
space  I  h.irge  lield  atfecis  the  orbits  vil  the 
elev  trolls  m  the  quanluni  wells,  w  hich 
van  be  s^■^seli  bv  sinning  a  Kmiii  oI  light 
on  Iheiii  rills  IS  not  a  lirst-order  elleil, 
but  a  si  iund-uuler  elleci  I'm  sure  s,<me- 


v'lie  vvill  coin  a  name  lor  these  t'ther 
ettects  st'on. 

.Ml  these  effects  start  vuit  the  same 
wav,  with  light-induced  charge  migra¬ 
tion.  Tnev  difter  in  how  the  electric  field 
acts  back  on  the  material.  In  the  tradi¬ 
tional  photo  refractive  effect,  the  electnc 
field  causes  a  first-v'rder  change  in  the 
refractive  index  v'f  the  matenal  through 
what  is  called  the  Pvickels,  vir  electro- 
ophe,  cv'efficient. 

In  order  that  the  material  have  a  non¬ 
zero  Pockels  coefficient,  the  matenal 
must  lack  inversion  svmmetrv-.  It  must 
know  the  difference  between  left  and 
right.  If  It  didn't,  vou  couldn't  have  a 
first-virder  effect.  It  wv'uld  be  forbidden 
bv  sv  mmetrv. 


L&O:  WIni  nm>t  ;'nc  .'.','."’'”1  an 

iiKVTsa'ii  .uiinudni  if  it  if  to  exhibit  the 
tiihhiioiuil  photoreboetit'i'  efteet’ 

J.F.:  'lou  want  the  electric  field  in  the 
erv  stal  to  change  the  refractive  index  to 
first  virder.  For  that  tv'  be  pv'ssible,  if  I  flip 
the  sign  vif  the  electric  field,  then  it  must 
flip  the  change  in  the  refractive  index. 
Suppv'se,  just  for  discussii'ii,  that  apply¬ 
ing  an  elvxtric  field  makes  the  a'fractive 
index  increase.  \'ow,  if  I  flip  the  electric 
field  an'und,  the  refractive  index  must 
viecrease. 

'ibu  can  envision  this  with  a  crystal 
and  a  battery,  l  et's  sav  I  hv'ok  it  up  sti 
that  the  electnc  lield  [.iv'ints  up  Then  I 
leave  the  n'om  aiivl  sv>meone  sneaks  in 
and  takes  the  erv  stal  fri'm  K’Ivveen  the 
two  wirvs  and  tvirns  it  around  When  I 


\SFKS  v‘lc  OI’I  K(  ).\K  S  H  XJ  IWO 
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Cvinu'  l\iv;k  I'ltiHT  I  wtn  tliL'iiA  -t.'.;  h,i~ 
Ix’iii  tiirnL'J  .ui'uiiJ  or  I  r.iii  I  It  tiu' 
crxxt.ii  h,i>  iii\i.'r>k'n  niiiiitr\.  it  Ioon- 
thr’  kiinn.'  in  both  Jiriklion'  .inJ  lln'i'i.'  > 
no  urio  I  r.in  toll  It  thi'  i.'rr'-t.il  l.Kk~ 
inxt'rsion  '\tiinu’tr\.  thon  1  i.in  toll 
To  put  It  anothor  '.va\.  ‘ho  tr\  't.il  ha'  to 
'  know.”  whon  it  'oo'  tho  (.lootriv  tioil 
w'hother  it  'iioiiid  inoroa'O  it'  rotra^too 
index  I'r  dooroa>o  it  It  tho  or\  'tai  ha'  no 
t-enso  k't  dirik tu'n,  it  it  ha'  ni'tOini;  tv' 
nieaouro  tho  tiold  apain.xt  then  it  van  t 
ha\'e  a  tirst-i'rdor  ottoot  It  Ov'uid  i'.a\o  a 
j-econd-ordor  etteot.  'a\  ini;  in  ottool 
"Here  come?  an  oieotnc  held,  and  !  don't 
care  it  it  i?  up  or  doron,  I'm  gomo  to 
increase  m\  retractive  index  '' 

You  can  make  ball-and-stick  models  ot 
these  crx’stals  and  readilv  see  their  lack  ot 
sx'mmetrv  -  that  up  reallv  is  ditterent 
from  down  -  because  some  atoms  are 
closer  to  the  center  and  others  further 
away.  In  barium  titanate  this  is  par- 
ticularlv  dramatic,  because  BaTiO,  is  a 
poled  ferroelectric,  which  is  the  electrical 
analog  of  a  poled  magnet.  It  has  a  lot  ot 
little  dipoles  distributed  throughout, 
with  the  pluses  pointing  this  way  and 
the  minuses  pointing  that  wav.  Other 
photorefractive  cry  stals  like  bismuth  sili¬ 
con  oxide,  often  called  B?0,  and 
bismuth  germanium  oxide,  similarlv 
called  BGO,  are  not  poled  terroelectncs, 
nevertheless,  their  crvstal  lattices  exhibit 
differences  bet^^■een  going  one  was'  and 
going  the  cither  ssay.  It  is  a  rantv;  iru'st 
materials  base  insersion  ss  mmetrv 

L&O:  How  Mr  /’lick  divs  tho  fht’lorohnolr.v 
offcci  go’  It  scviiis  to  Ohvni  ob^'r:vr>  tho:  tho 
t’.old  SIirMCi’,/  Oloro  or  lorf  <VOUltVh'otiriU 
about  ,7  dooado  a^’O  /.-  Ih:<  a  n:i</'oroof’tii'iH 
J.F.:  The  first  demonstral'''n  ot  ih  '  "ttect 
was  about  2?  sears  ago,  svhen  pi’opie  at 
Bell  Tabs  swre  ssorking  on  fresjiu'ncv 
c* oubling  in  crs'stals.  Thev  svere  putting 
intense  beams  ot  light  mtc'  crs  stals  and 
getting,  for  the  must  part,  spatiallv 
deformed  outputs.  .A  nice,  dean  Gaus¬ 
sian  input  beam  ssould  csime  out  a  mess. 
They  realized  that  the  light  ssas  causing 
some  kind  of  semi-pormanent  chango  in 
the  material,  it  ssas  making  it  into  a  lens 
of  some  sort  F  S  Chen  svas  an  earls' 
ssorkiT  in  this  field  and,  I  oeliese,  ssas 
the  first  person  tis  propose  a  mi'di  l  ot 
charge  migration  as  being  responsible. 
They  called  this  'optical  damage" 
because  it  ssas  a  pain  in  the  ni'ck  It  ssas 


"The  ideal  crystal  has 
a  large  Pockels 
coefficient  and  is  very 
fast.  So  far,  no  one  has 
come  up  with  such  a 
crystal." 


annsss  mg  and  svas  ss'methmg  thes- 
ss'ished  ssould  go  assas  -  In  a  sense  it  did 
go  awas'.  tor  the  subject  ssas  pretts  much 
dropped  after  that. 

The  photorelracti ve  effect  svas 
"redisccssered"  about  1979  or  19S0  inde¬ 
pendently  in  the  Soviet  Union  and  in  the 
United  States  In  the  Soviet  Union  there 
ssas  a  lot  c't  theoretical  work  going  on, 
and  people  ssere  able  to  svnte  doss  n  a  set 
sat  equations  to  desenbe  the  photorefrac- 
tise  effect  and  actually  scahe  the  equa¬ 
tions  in  great  detail  In  the  United  States, 
the  approach  ssas  more  experimental.  I 
ssas  a  post-doc  tor  Bob  Hellsvarth  at  the 
time,  and  sse  ssiere  ssorking  on  BaTiO,. 
One  ot  the  other  post-dcKS  in  tlie  lab  ssas 
Don  Heiman,  svho  had  done  his  thesis 
protect  on  BaTiO,  and  had  access  to  the 
matenai. 

Four-svase  mixing  had  just  been 
insented  b\  Hellssarth.  and  sse  ssere  trs- 
ing  It  ss  ith  even  thing  sse  could  think  sit. 
\\  hen  sse  gs>t  around  to  BaTiO,,  sse 
found  that  it  ssorked  remarkably  ssell. 
We  got  signals  much  stresnger  than  ans- 
thing  sse  had  ever  seen  betore.  esen  at 
serv  Icssv  pump  intensities.  Up  until 
then,  four-ssase  mixing  had  been  a  high- 
pi'sser  attain  nciw  sse  ssere  using  ssvak 
argi'n  and  even  helium-nixm  lasers  The 
K'has  ii'r  ol  the  material  ssas.  tes  us,  com¬ 
pletely  bizarre. 

We  didn't  gci  to  the  library  and  check 
the  literature  c>n  the  material.  We  |ust 
continued  to  stumble  around,  svhich  has 
its  drassbacks  and  its  advantages.  Tlie 
main  drasvb.ick  is  that  it  takes  vou  a  long 
time  to  make  progress.  Tlie  main  adsan- 
tage  is  that  sou  are  not  encumbered  b\' 
ansone  else's  thoughts.  So  sse  came  up 
ss  ith  ourosvn  Iheors  ts' explain  ss  hat  ssas 
happening  in  BaFill,.  Our  theory  ssas 
complelelv  different  frsim  the  Russian 
one  It  turns  out  that,  in  some  iiinils,  the 


tss o  tlu-i 'Uv'  .! cux  ITi.ii  s\ .1'  i'\,  I c 

unii-  li'  i'>'  it. '.lie  piis  'I,  ' 

LiOli',-,  | 

ex-  MM  | 

I. F.:  For  iiitits  1  think  :l  '  iiko 'iioiios  ,  I 

‘'.■11,  I 

more  1' I's  tU  I  -sviu.ilis  lO'  pcMiii  or  | 

roii'ehls  I'lic  part  pi-r  niillk'n  >  ooein-  ! 

ning  to  k'ok  like  a  eos'd  mininium  num¬ 
ber  For  viuakts,  I  don  I  knoss  ssiiivii  aw 
better  sietect' or  impurilie'  Hosn'ser  i! 

I  ssere  de^lgIV,nc  a  crs  'tai  tri'm  'Cratch. 
impurities  ssould  gise  me  more  viii'ices 
It  I  Ssere  building”  detects  into  BaTiO  ..  I 
could  lease  out  a  barium,  s'r  1  cs'uid  lease 
out  a  titanium,  or  I  ci'uld  lease  s'ut  an 
oxs'gen.  I  svould  base  onlv  three  choices. 
With  impunties,  I've  got  100  elements  to 
choose  from. 

CH'  cesurse,  svith  some  mater.als,  the 
lattices  are  so  densely  packed  that  it  is 
quite  difficult  to  get  impunties  in  except 
to  replace  atoms  that  should  be  there. 
That  is,  they  go  in  substitutionally  rather 
than  interstitiallv.  Barium  titanate  is  like 
that.  Other  crystals,  like  strontium  bar¬ 
ium  nis'bate,  or  bB.\',  base  a  k't  s't  room 
in  the  lattice,  and  sou  can  ssedge  extra 
atoms  in  comt’ortabls  ssithout  has  ing  to 
displas'e  natise  atoms. 

L&O:  77ji’Si’  tail  oru<ta'i<  BaTit '' ,  aoO  5S.\ . 
npihiroutly,  had  tho  hi\;ho<l  kootrit  Pookolf 
oootfioicotr  f<':vral  yoaif  .lyo,  .-Ire  :ho<o  Iloo 
<ttll  tho  f’lotor’od  ntalonah’’ 

J. F.:  Some  materials  related  to  SBN  base 
come  into  play  recentlss  svith  sixlium  or 
potassium  substituted  for  some  ot  the 
strontium  or  banum.  So  nosv  there  are 
lots  ot  things  to  adjust  -  tsvo-thirds  this, 
one-sixth  that,  one-sixth  the  other,  and 
so  on.  Tliere  is  a  master  crs  stal  grosser  at 
Rockssell.  Ratnaker  Xeurgaonkar.  svho 
has  been  ssorking  svith  these  crs  stals. 
Ihese  Cl'S  -tals  base  high  Pockels  cs'etfi- 
oents,  svhich  is  one  characteristic  esvrs- 
one  ssants.  The  ideal  photorefractise 
crs  stal  has  a  large  Pisckels  cisefficient  and 
is  s'crv  fast;  so  far,  no  one  hax  come  up 
svith  such  a  crs  stal. 

L&O:  M  s  iiii'iv  /e  tho  <fyod  qiicsticn.  m 
l\'rhnpf  It  I.'  bollor  dcft'ribod  us  tho  ralo-x’f- 
oharyo-’in^ralioii  quo-lioti  It  iaci  oxpoH 
iharyor  to  noyialo  to  thoir  hiial  fhyiltou  ui  a 
giivii  lo’io.  Nil/  I  nuoro'i'oond .  why  do  thoy 
lako  up  to  t:oo  ouior^  of  :na\^oittido  lon^o^"^  to 
roaolt  Ihotr  do'loullioor  in  n'iiic  v '■usf.i/' ’ 
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Figure  1.  The  first  image  of  a  cat  is 
badly  distorted  because  it  has  passed 
through  an  aberrator  (clear  glue 
smeared  on  a  glass  slide).  The  second 
image  shows  what  happens  if  vou 
phase-conjugate  the  distorted  image 
and  pass  it  back  through  the  same 
distorter.  For  these  photos,  a  self¬ 
pumping  BaTiOj  crystal  served  as  the 
phase  conjugator. 


J.F.;  rhnt  pll^^!ed  u.s  at  first,  but  uv 
understand  it  now.  What  vou  are  trx  ing 
to  do  in  these  experiments  is  put  in  a 
light  pattern  and  push  the  charges  from 
the  bnght  regions  into  the  dark  regions. 
lucciMi',  \\)u  wxiuld  like  tc*  do  it  in  i.inc  step 
-  with  the  light  kicking  one  charge  up, 
which  then  drifts  in  the  conduction 
band,  and  later  falls  down  in  a  dark 
region,  if  that  occurred  the  process 
ivould  be  \  erv  efficient;  the  absorption  of 
one  phi't^'n  would  get  the  job  done. 

But  what  happens  in  BaTiO^  is  that 
you  kick  a  charge  up,  it  mows  about  100 
-•kngstroms  and  then  it  comes  down 
again.  It  absorbs  another  phi'ton  and 
mows  another  100  .Angstroms,  and  so 
on.  It  runs  out  of  gas.  BaTiO,  is  slow 
because  the  t\  pi..al  "hopping"  d'stance  is 
small  compared  tii  the  tvpical  distances 
you  are  trying  to  mow  the  charge,  which 
are  on  the  order  of  a  micrometer. 

L&O:  /'  i/i/.s  :rhiTc  pu/i/p  lulcu-tly  I'li/cr-  lltt’ 

pi.f/oi',’ 

J.F.:  The  bhghter  the  pump  K’am,  the 
more  photons  cnu  are  putting  in  per 
secor  1,  which  means  the  more  hits  the 
charges  are  getting  per  second. 

L&O:  (A't’s  thiit  iniih'  it  It  iiti'nti-riliint  -erf 

IVlH  lUHl  ’ 


J.F.:  \'i>,  it  Is  lust  a  matter  ot  steps  If  \ou 
have  to  walk  trcmi  here  tc>  there  and  it 
takes  I0()  steps,  and  it  vc'u  can  di'  the 
Steps  cluickh.  vou  will  get  there  taster  If 
\c>u  Use  verv  weak  light  and  dnbble  the 
pholims  in  cner  the  peric>d  c>t  a  \ear.  it 
will  take  VC'U  a  war  to  finish. 

L&O:  .'pccif  ;v’si(s  .'iitcesid' a  !:ih\tr  iv.'a- 
fii'it.s/tip  III  hiniiiii  liliiiMk'.^ 

J.F.:  \o.  it  IS  a  less  than  linear  relation¬ 
ship  because  you  waste  photons.  If  every 
photon  were  used  the  same  wav,  the 
relationship  should  be  linear.  If  I  double 
the  rate  at  which  I  input  photons,  which 
is  like  doubling  the  number  of  steps  per 
second  I  take  going  to  the  store,  1  should 
get  to  the  store  twice  as  quickly.  But 
some  of  the  photons  are  wasted,  as 
thc'ugh  some  of  the  steps  didn't  gci  in  the 
right  direction  More  precisely,  there  are 
other  levels  in  the  crv  stal,  which  we  call 
shalli'w  traps.  The  charges  get  hung  up 
in  the  shalli’vc  traps,  and  vou  have  ti'  free 
them  To  go  back  to  the  walking-to-the- 
stc're  analogv,  it's  like  stepping  into 
m  id. 

But  that's  nc't  the  entire  store  ,  either  It 
also  gets  muddier  as  vou  pul  light  in 
Instead  i>f  |Ust  bav  ing  a  single  lew)  ol 
impurities,  there  is  an  extra  level.  .As 
charges  begin  to  pi'pulale  the  upper 
level,  there  are  emptv  spaces  below 
which  can  suck  up  the  charges  Instead 
ot  taking  a  step  lonvard,  you  |ust  stay 
wliere  vou  are. 

It  s  a  ci'mplicated  relationship  that 
ti'ok  a  li'ng  time  to  figure  luit.  We  have 
done  sc'ine  experiments  recentiv  to  con¬ 
firm  I'lir  theories.  One  of  mv  students, 
Daniel  Mahgerefteh,  did  a  senes  of 
experiments  tci  show  what  the  right 
dependence  ol  speed  on  intensitv  is  The 
theory  seems  to  work  well  in  BaTiO, 


L&O:  Hi'ic  .ii'iiil.ii'ii'  arc  III, lilt iiki 
PiiTiO-.iVhi  .sBV’ 

J.F.;  Well,  how  much  monev  dii  vcni 
haw’  \o,  actuallv  it's  gethngK'tter  now. 
It  used  tc'  be  that  Sanders  .Assi'Ciates  was 
the  wi'rld's  c'niv  sc'urce  ot  BaTiO-,.  Mc're 
recentiv,  China  has  been  supplving 
BaTiO.,  crvstals  to  the  vw'rld.  Even  sc’, 
supply  cannot  meet  demand.  I  think 
there  is  at  least  a  three-month  wait  fe'r  a 
goc'd,  big  crystal. 

That's  unfortunate,  because  there  are 
so  many  interesting  things  to  try.  People 
read  aK'ut  them  and  vvant  to  trv  them. 
Tliey  cal!  me  and  say,  "Tve  gc't  a  small 
cc'mpany  and  wc’uld  like  to  do  thus-and- 
sc'.  Where  can  1  get  a  BaTiO,  crystal?" 
vA'hen  I  tell  them  it  will  cost  them  S.’.CXtO 
or  so  for  the  crvstal,  that's  usually  the 
end  of  the  conversation. 

.As  far  as  SB\'  is  concerned,  some  is 
being  grown  in  the  Soviet  Union  and  in 
China,  and  several  research  labs  here  are 
grow  ing  their  ov\  n.  CSK  Co,  in  Los 
.Angeles  sells  it. 

Other  crvstals  like  BSO  and  Li.VbO- 
are  phc'loiefractive  and  are  for  sale  trom 
vanc’us  sources.  But  they  lack  the  extra¬ 
ordinarily  large  Pockcls  cc’efficient  c>l 
BaTiO,  that  enables  vou  to  dc>  a  whe'le 
new  class  c’f  experiments  using  stimu- 
latc'd  effects. 

L&O:  Uiis  pliii.-c  coiiiti^iilh'ii  the  'irs/ 
iipp/na/ic'ii  of  photeninKtion^ 

J.F.:  Phase  con|ugahon  was  one  cif  the 
first  interesting  effects  dememstrated  in  a 
phc'tc'refractive  crvstal.  Bob  Hellwarth 
and  1  did  that  in  WhO.  Hellwarth  haci 
demc’nstrated  phase  con)ugatic'n  in 
other  ncmlinear  materials  previc'uslv 
What  made  dc’ing  phase  ci’n|ugatii'n 
interesting  in  BaTiO,  was  that  the  vtf:- 
ciencv  was  huge  ^I’u  got  enormc’us  por- 
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•in  J  I  i  Ni  : 


tu'n>  >'t  liciii  pi'uriiii;  b.kk  .1!  v.hi  .!■' 
oppi".ri.i  to  .1  ti'iiih  oi  .1  potu  n; 

I'lllL't'  tUMtiiMl  .V  ’It.ttL't  Uli^ 

L&O:  .  "t-'ot  ;■ 


J.F.:  1  oi  -•  j(  L'h.i-o 

loiiiimata':!  wait  .aiixa'a  tr  .1 

noniii'ii  .'a  a'",  -'..li  '1011  put  tn  a  ix  atit  \ou 
want  to  oMauaato.  and  \oii  boat  tt  'with 
anoliiof  i’oaa'  a,  iwah  !  t\  tti  ^ai!  a  roti-ronio 
boatti  lit  ^'wii-t  to  boat  thon;  tocothor 
tho\  nwa-t  i\'  aoiii.'U'nt  v\;th  oaoii  otiior. 
bo  \ou  nta'oo  an  intonMta  tntorto'ronoO 
pattoTit  ;n  tho  tttatoriai  -  a  roal-tinio  hoio- 
praiTi  nton  \i'u  road  out  the  holoprarn 
with  another  beam,  a  third,  which  15 
usuallv  directed  oppo^lte  to  the  reter- 
ence  beam  Tnii  beam  is  dittracted  b\  the 
holoctratr.  and  >ends  ii.^ht  back  alo'nc;  the 
direction  ot  oour  onginal  input  beam. 
That  h'urth  btam  i?  the  phase  coniuoate 
ot  \'our  original  input  beam  So.  two 
beams  w  nte  the  hologram,  a  ‘bird  reads 
the  hologram,  and  the  fourth  beam  is  the 
sipnalbeam  I  tlunk  tins  used  to  be  caked 
threcweaw  miving  fx’cause  \t'u  are  onlv 
putting  in  three  beams,  but  then  the  pec>- 
p!e  inxolved  decided  tciur  was  nuire 
impresswe  than  three  so  thee  changed 
the  name. 

Phase  conitigation  is  really  (ust 
holography  in  real  hrne.  In  fact,  phase 
coniugation  was  first  demonstrated  with 
holograph)'  almost  30  eears  ago.  but  not 
in  real  time  I  beliece  it  was  demonstrated 
b\'  Henvig  Kogelnik  at  Bell  Labs  and  also 
bv  Emmett  I  eith  at  the  L'nnersitc  of 
Michigan,  although  I  don't  know  who 
was  first. 

In  self-pumped  phase  coniugation  in 
photi'ri'fractne  matenals.  there  are  two 
mechanisms.  The  simpler  one  works  as 
lollows.  [Representative  results  are 
shown  in  Figure  l.j  You  put  in  one  be.im 
and  \  ou  get  I'ut  a  phase-con|ugate  beam. 
.And  vou  think  that's  magic,  because  vou 
don't  need  to  put  in  three  beams,  as  in 
regular  phase  conjugation.  But  the 
answer  is  that  those  other  two  beams  are 
realiv  there,  vou  just  didn  t  put  them  in. 
Thev  were  derived  from  the  onginal 
input  Ix’am  -  sucked  awa\  somevv  here 
upstream  and  then  rechanneled  m  the 
nght  direction  to  do  just  v\  hat  vnu  want. 

What's  especiallv  remarkable  is  that  it 
IS  so  easv  to  do  It's  not  like  vou  have  tvi 
carefullv  design  something,  think  about 
its  stnuhire  for  a  long  time,  machine  it 


''The  charges  get  hung 
up  in  shallow  traps, 
and  you  have  to  free 
them.  It's  like  walking 
in  mud." 


prvciselv  and  Ookv  at  tlie  eepenment  tor 
a  vear  to  get  it  going.  "fi'U  iii-t  direct  .1 
laser  beam  inli'  the  cn  stai  and  vi'u  evt 
one  out-  Tlve  erv  stai  takes  care  ot  the  rest 

Even  It  vou  trv  to  thwart  the  v'peration, 
vou  01  ten  cannc>t  For  example,  vciu  Ic'ok 
at  the  crv'stal.  see  the  beam  paths  inside 
and  sav',  "  Okav,  I  see  vvhat  s  happening 
I'll  just  block  this  beam  from  internallv 
reflecting  back  into  the  crystal  by  putting 
a  spot  of  paint  on  the  crvstal's  surface  to 
spoil  the  reflection."  It  turns  out  that  the 
beams  will  usuallv-  outwit  you;  thev  will 
chcKvse  some  other  path.  These  materials 
(:ki'  (o  phase-confugate. 

Loosely  speaking,  new  paths  form 
because  it  is  easy  lor  them  to  do  so  In 
fact,  you  can  show  through  a  more 
rigorous  analysis  that  the  gain  ot  the 
entire  system  increases  when  this  hap¬ 
pens  While  vvt*  understand  whv  new 
paths  form,  we  don  t  vet  know  whv 
these  new  paths  are  often  tilamenlarv 

L&O;  ilhiiif  the  other  fwpe  of  -clf- 

I’utnfH'J  t'kue  eontti^iition' 

J.F.:  The  other  kind  of  self-pumped 
phase  conjugalii'n  is  called  stimulated 
backscaltering.  With  stimulated  back- 
scatlenng,  vou  put  in  one  beam  and  vou 
get  back  the  phase  conjugate  There  are 
no  other  K'anis  This  is  like  making  a 
reflection  hologram  If  vou  cinild  see  the 
hvilogram  in  the  crv  stal.  it  is  U>rmed  bv 
the  beam  vou  are  putting  in  and  the 
beam  that  is  coming  back  Fhe  grating 
planes  ot  the  hologram  -  the  stnpes  - 
lie  acrviss  the  beam,  slicing  it  as  though 
vou  were  cutting  a  carrot.  The  hologram 
backscalters  the  light  vvvu  are  putting  in; 
the  backscatlvred  light  interferes  with 
the  incoming  K’am  and  reinforces  the 
hologram  to  back'-catter  some  more 
light,  until  vim  finallv  reach  a  sleadv- 
state  value. 

This  elfeit  vvas  first  observed  bv  the 
Shiv  lets  in  methane  gas,  bv  Zel'dov  ich 


11.  'I 


till'  li.'.". 


‘-V.lttlli.l  I'Ll  1  t  ll.lt  .  I  w  .i-  i  \.K  ;  :  V  I’.KK'v.lt- 

ivri'd  Tr  c  'twill'  ',M  'liid  nil  .m-  V,  .'..iii  v  vr 
p.ltil  li'uv  .iliti.lllv  li'ok  ;iitc  CH  c.;-  l! 
Viu;  pi::  .1  putiirv  voi:  wciild  C'  :  p.k  k 

.1  pu  tiiiL  :  dov  ii  'iiovw  vi  .'  tt'.i' 
K'.im  m"i  I  '  c\.c  l:'>  i'.iv  N  .ii.  c  i-.'iic;. 
n.ll  p.ltil  :l  il.l'  .1  t.Kli"  !v,i'  :lt,  ,;.l;n 
til. in  ;t  ■:  cov'  oil  ;n  .inolhi  ■  d;ii\  ■'  w  :: 
It  .1  non  p  n  .1 -c ,  n '  ,i  c.n  v 

image  '..a'er  ffvilw.titii  -iiww  d  iv, 
'timui.iivd  iMcksC.il  Ic  r;  n  c  t\:-.;'p:ted 
exactiv  a  l.ictor  ot  twi'  inert  .we  ;r.  c.i.r. 

btimiiialed  pac  k  sc.it !  v  n  n  g  '.vai- 
observed  in  BaTiO-,  as  well,  aithouah  I'm 
not  sure  It  has  been  ii'pserxed  in  ar.v  I't 
the  I'ther  pholorefractive  crvstals 

To  me,  the  most  interesting  phe¬ 
nomenon  of  all  the  stimulated  processes 
is  called  double  phase  coniugation.  Jtm- 
b!e-pumped  phase  coniugation,  or 
mutuallv'  pumped  phase  coniugation 
The  third  phrasing  is  probablv  best. 

Send  twi'  beams  into  a  photiirefractive 
crv'stal.  But  this  time  thev  don't  have  to 
be  coherent  with  each  other.  Thev  can  be 
frt>m  two  different  lasers.  It  is  simplest  to 
think  in  tvmis  of  the  same  tv  pe  ot  laser, 
so  picture  two  He.\e  lasers,  made  bv 
different  companies,  with  slightlv  dif¬ 
ferent  cavity  lengths  so  that  the  output 
fretjuencies  will  be  somewhat  different 

What  the  cry  stal  does  in  this  case  is 
take  the  beam  from  laser  number  1  and 
direct  It  back  down  the  bore  ot  laser  num¬ 
ber  2,  and  vice  x-ersa.  .Al  first,  vou  might 
believe  that  to  be  impossible,  because  the 
beams  are  not  coherent  with  each  olf.er 
If  thev'  aren't  coherent,  how  can  thev 
interfere  1’  If  thev  don't  interfere,  how  car 
the  crvstal  keep  track  ot  where  thev  an 
coming  troml’ 

But  it  works,  and  that's  understood 
now,  loo.  This  little  gem  was  invented  bv 
a  group  in  Israel  -  Baruch  Fischer  and 
his  student  Shmuel  Sternklar  I  think  it 
vvas  also  shown  independentiv  bv 
Smout  and  Eason  in  England 

L&O:  .Arc  there  oiiu  iilvii’io  o/’f  ’1  il'ii/.'iV .'•! 
the  iiiiiiii'diati'  tiifiirc’ 

J.F.;  The  applicatiim  that  seems  to  ha 
the  most  pei'ple  excited  is  inlerconmx 
tion,  especiallv  using  mutuallv  pumped 
phase  conjugation.  If  vi'u  can  inlercon- 
nect  two  lasers  impinpng  fn'm  two  dif¬ 
ferent  dia-ctions  -  not  all  angles  viork 
but  wide  angular  ranges  are  possible  " 
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M'U  I'l.ui  ihi’  bi  cinninj;-.  I'l  >1  iiii-phono 
-W  IIlIi 

1'ii.tiiri.'  •H';  .irr.v.  ol  .1  [iu‘U'.'nv.i  ;:bir'' 
on  ono  ■•ult  ot  tho  .inJ  .inolhor 

.irr.n  ot  .1  thi.'i:'ii!id  tilxT'-  on  the  k'lhor 
Mdo  It  \  ou  \\,int  to  connect  tibor  r.uniK'r 
2n  on  otH’  "ijc  \N:lh  tibfr  nuii'ivr  ^2  on 
the  otiior,  wui  U’.>t  turn  on.  a  li’.tio  Ux.il 
LiM'r  rrom  (.\xh  oiu’  atid  tho  cr\  'Mi  lon- 
luat'  tlv.'  two 

Tno  probU’".'.  m>  tar,  that  a  ;.','ea;;v 
to  lonnoct  o:h’  itixi  ti'  ani'lhor  When 
\oii  tr\  to  oonn(M  tt\o  on  the  input  'ide 
til  ti\o  v'n  the  i'utput  side,  each  input 
tries  to  talk  to  initputs.  .And  so  on 
w  ith  larger  numbers  of  inputs  and  out- 
piuts.  If  \  ou  trw  to  work  around  that,  the 
ccinnections  begin  to  get  weak  Phase 
conjugation  wcirks  great  if  \xiu  want  fan¬ 
out  iir  fan-in:  it  doesn't  work  so  well  vet 
for  an  .\  ■  .\  switch. 

The  other  exciting  area  of  potential 
application  lies  in  neural  nets.  TheabiliW 
to  store  a  lot  of  holograms  on  top  of  each 
other,  encoded  in  some  wav,  is  quite 
enticing. 


Tct  V  r  '  r-;  tri  T’  ' 

pernut  tiiliy  icg;,.!;--  : 

L&O:  ;*  a  .e;!,'.;  '‘::~ 

va'. lut  -c  i  ’ 

J.F.;  In  an  abstract  ~ense.  what  I  wx'uld 
like  Is  to  tind  "I'mething  new  that  1  had 
ni>  idea  would  happen  and  ni>  explana¬ 
tion  lor  Tire  real  tun  is  ob>erxing  and 
then  explaining  thing'  that  voi:  don  t  at 
first  understand 

In  a  more  practical  >ense,  w  hat  would 
pn'bablv  interest  funding  agencies  the 
most  is  It  we  could  find  a  c%a\  to  make  a 
material  with  a  large  optical  nonlineantv 
that  would  also  be  last.  Ftir  just  a  tew 
milliwatts  per  square  centimeter  of  light 
intensity,  the  de\  ice  ivould  reach  a  c  ere- 
large  nc'nlineanrv  xerv  quickiv.  It  could, 
sav,  reach  that  point  within  a  microse¬ 
cond  or  so. 

People  are  starting  to  get  smart  about 
this.  For  BaTiO-,,  it  takes  manv  hops  to 
get  where  you  want  to  go.  Concerselv,  in 
gallium  arsenide  the  mobilities  are  much 
higher,  but  the  Pockels  coeffiaent  is  verx- 
small.  So  people  are  saying,  "Let's  forget 
about  the  Pockels  coefficient  and  look  for 


'Oir.f  ollu!  w.r,  tu  cii.incu  Iih-  mduc  . 
n.  IT.Kf.wn 

Vvr\  rtCtiilK,  EIs.1  y.arnv.w  ,ind  lit 
student  Ai'liin  Pirtoci  at  I  bC  and  tw. 
worker' at  Hughes  -  Marc  in  Klein  an, 
Cec'rge \aliec  -  collabor.iled  :n  liiware.. 
Tliec  tound  that,  it  ihec  ii'ed  Via  A'  nun 
near  it'  bandgap.  the  electri'  riejO  mad’ 
be  the  shatge'  aitt-r  migration'  weul, 
alter  tire  ab'i>rptu'n  ot  the  lTC  'lal  Bui 
cxiii  alter  the  absorption,  ceu  must  al' 
change  the  index  c't  reti'acnen,  be  ti-'.> 
Kianiers-Kronig  relation,  in  their  wors 
the  change  in  the  index  I't  retraction  cc  a- 
appreciable  So,  thev  cvere  able  to  see  . 
relaticeiv  large  beam-coupling  ettect  ir 
Ga.As  bv  Ignoring  the  small  Pockels 
coefficient  and  using  another  etleci 

Other  people  are  evorking  ccilb 
"designer"  molecules,  evhere  charge' 
can  migrate  very  quickly  and  easilv  oi- 
conjugated  polymer  backbones,  Once 
the  charges  have  migrated,  the  electnc 
fields  may  significantly  alter  properties 
of  the  material.  This  field  is  still  in  its 
infancx',  but  it  looks  verv  promising. 


Produ¬ 
cers  of  high 
quality  single 
crystals  and  cus¬ 
tom  fabricated  optical 
elements  since  1972. 


Deltronic  Crystal  Industries 
specializes  in  growing  various  oxide 
single  crystals  including  LiNbOa,  LiTaOs, 
YIG  and  BaTiOs  for  acousto-optic,  electro¬ 
optic  and  magneto-optic  applications.  And  now 
we  offer  expanded  g^rowth  and  fabrication  of 
precision  doped  FeliNbOa  for  volume  holographic 
storage  applications.  We  also  fabricate  single  crystal  micro- 
optics  for  unique  fiber-optic  coupling  applications,  as  well  as 
offering  custom  crystal  growth  services. 
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